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ABSTRACT
Implementation of an Open-Source Digital Image Correlation Software for Structural Testing
Nicole Veronica Buck

This thesis investigates the appropriateness of a simplified, open-source digital image correlation
(DIC) software for use in quasi-static, structural testing utilizing two-dimensional (2D) DIC
measurements. DIC is a non-contact optical measurement technique that uses computer vision to
track unique attributes on the surface of an object. For structural testing, traditional
instrumentation such as displacement sensors and strain gages are impractical for full field
measurements due their limited ability to capture large amounts of data. However, over the past
decade, DIC has proven a successful method for full-field kinematics measurements, making it an
appealing tool for collecting high densities of accurate data. This thesis specifically studies the
accuracy and limitations of the DIC software, MODEM, for various test specimens and loading
conditions.
This research work is part of an experimental program comprised of three phases. The first stage
was conducted by another investigator on aluminum coupons tested in pure tension. These
results were used to calibrate parameters (speckle pattern density, lighting, and camera settings)
used with the DIC software. The second stage included pure compression tests on concrete
cubes and concrete cylinders to compare the difference in results between: (i) surface curvature,
(ii) camera distance, (iii) surface treatment, and (iv) speckle pattern color. The final stage involved
analysis of a tension test of a concrete prism completed at the University of Auckland in an effort
to assess how MODEM could be utilized to accurately detect onset and propagation of concrete
cracking.
Results showed the most accurate DIC strains were within 5% error when compared to traditional
instrumentation for aluminum loaded in tension and within 6% error for concrete loaded in
compression/tension. This level of accuracy is comparable to existing open source and
commercial DIC software utilizing 2D DIC analysis. Therefore, MODEM can be used to provide
accurate 2D DIC strain measurements for small and medium scale structural test specimens
when using the following parameters: (i) the surface of the specimen is planar, (ii) the camera is
placed accordingly so the maximum amount of zoom can be used, (iii) the surface of a test
specimen is free of debris or imperfections, and (iv) a high contrast and evenly distributed speckle
pattern is used.
Computational analysis of the results showed that known material properties can be used to
calibrate, or remove errors from, the DIC results when traditional instrumentation is not available.
Additionally, results showed MODEM strain contours can be used for initial detection of cracks in
concrete loaded in tension while MODEM tracking performance can be used to characterize the
centerline and orientation of cracks.
The experimental tests provide critical information on how to set up, run, and analyze DIC results
when using MODEM. The full field measurements are of value in providing accurate data for
structural testing to develop a better understanding of material response and structural
performance, since large-scale tests are typically limited by a sparse number of data points when
using traditional instrumentation.

Keywords: Digital Image Correlation, Full Field Measurements, Modem, Non-Contact
Measurements, Structural Testing
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Terminology
Digital Image Correlation (DIC)

For this thesis, digital image correlation (DIC) refers to
the full-field measurements of strain on the surface of a
test sample through the use of photographed images of
that surface.

Features

The collection of pixels identified by MODEM used to
establish unique patterns for each subset.

Field of View (FOV)

The area within the physical world that is visible through
the camera and will be recorded in a photograph.

MODEM

MATLAB-based DIC software used in analysis for this
research; also referred to as TRIDENT.

Node

A single feature within a ROI, located at the center of
subsets, were strain measurements are recorded.

Noise

Random deviations from the correct value resulting in
sporadic nature of DIC measurements. This often varies
depending on imaging system and image resolution.

Region of Interest (ROI)

Calculation area on the surface of a specimen divided
into a uniform grid based on user specified spacing.

Reference Image

First image used by the DIC program to calculate
displacement, typically this is of the specimen in an
undeformed/unloaded state.

Stand-off Distance (SOD)

The perpendicular distance between the aperture of the
camera lens and the test specimen

Speckle Pattern

Random pattern applied to the surface of a test sample,
typically a combination of a solid base color and a
contrasting speckle color (i.e. a white speckle over a
black surface).

Subset

The area surrounding a node with a unique combination
of features that are used to match a subset from a
previous image to the same subset in the next image.
The number of features in a subset depends on the grid
spacing of the ROI.

xvi

Tracking

MODEM’s ability to recognize features between two
images recorded before and after deformation. The
inability for the program to track features results in
tracking errors. Too many tracking errors prevents the
program from processing a set of DIC images.

Additional Acronyms
COM

Commercial (as in commercial software)

FOSS

Free open-source software
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INTRODUCTION

Over the past decade, digital image correlation (DIC) has proven a successful method for full-field
kinematics measurements in many fields such as civil, mechanical, and material science
engineering, making it an appealing tool for collecting high densities of accurate data. DIC is a
non-contact optical measurement technique that uses computer vision to track the unique
attributes on the surface of an object to measure displacement and strain. DIC can be performed
in two dimensions (2D) with a single camera or three dimensions (3D) with multiple cameras.
Several commercial and open-source software solutions are currently available for obtaining fullfield DIC measurements. Commercial software packages are an appealing option for novice DIC
users in that they provide user-friendly interfaces, access to a network of DIC professionals, and
packages to assist with test set up including speckle pattern application, lighting, and camera
tethering tools. Unfortunately, commercial software packages can be quite expensive and cannot
be modified to fit unique testing requirements. On the other hand, open source software greatly
reduces costs and can be tailored to fit specific needs. However, open source software can
require significant programming knowledge and often lacks technical and testing documentation.
The need for an open source and user-friendly DIC software was recognized by the University of
Auckland, New Zealand in 2008 when a 2D DIC system called TRIDENT was developed in house
at the Centre for Advanced Composite Materials in order to identify strain concentrations in
notched aluminum tensile specimens [1]. The MATLAB-based system was refined in 2013
through testing conducted in the Mechanical Engineering department on polymeric foam cores.
The results from these tests were used to improve the TRIDENT DIC system by adding 3D
capabilities, increasing feature selection and improving tracking performance to provide accurate
and detailed measurements [1]. Recognizing the potential for MODEM’s usefulness in structural
testing, the Civil Engineering department at the University of Auckland began efforts to implement
the DIC software in the large-scale structural engineering test environment. Yet not obtaining the
results they initially anticipated, researchers expressed the need for a detailed investigation into
the capabilities and limitations of MODEM.
1

1.1

Research Objectives

The overall objective of this research was to determine the accuracy of the MODEM DIC system
under various test set-up and DIC parameters. The research consists of the following testing
phases:
•

Phase 1: Small scale tension tests on aluminum coupons

•

Phase 2: Small scale compression tests on concrete cubes and cylinders

•

Phase 3: Medium scale tension test on a concrete prism

The first phase was completed at Cal Poly as part of a separate research project and was used to
establish the initial parameters and best practices for DIC measurements when using MODEM
[2]. The second phase was also completed at Cal Poly and investigated the effects of various DIC
parameters on the accuracy of the MODEM strain readings. Testing for the third phase was
completed at the University of Auckland as part of a separate Ph.D. research project [3]. Photos
were analyzed using MODEM to investigate the software’s capabilities for crack mapping and
identify the effect of specimen size on strain accuracy.
The scope of this project includes development and implementation of Phase 2 testing and DIC
analysis of Phase 1, 2, and 3 testing. In this, analysis results focus on 2D DIC measurements and
therefore employ a single fixed camera to measure strains in plane. The goal of this research,
paired with the user manual for MODEM developed in testing Phase 1 [2], is to address the
complexities of the DIC measurement process. Specifically, the aim is to provide a simple,
versatile, and repeatable procedure for obtaining 2D DIC measurements in structural testing of
concrete using MODEM.
1.2

Contents and Layout

This thesis covers the background, methods, results, and analysis of the three testing phases.
Chapter 1 introduces the concept of digital image correlation, the DIC software MODEM, and an
explanation of the primary research objectives.
2

Chapter 2 explains the basic principles of DIC and reviews prior research on DIC structural
testing applications. Factors effecting the accuracy of DIC measurements are examined and
results from existing DIC software is used to provide a threshold for the desired performance of
MODEM. Chapter 2 also summarizes and references the results of the aluminum tensile tests
from Phase 1 that were used to establish the best practices for using MODEM [2]. The
parameters that produced the best results from these tests were used as the initial parameters for
Phase 2.
Chapter 3 outlines the testing details for the compression experiments conducted on concrete
cubes and cylinders for Phase 2. The summary includes specimen design, fabrication,
instrumentation, test setup, loading protocol, and investigation parameters.
Chapter 4 presents the analysis and results for the compression tests described in Chapter 3.
Key observations related the accuracy of MODEM strain readings for each test specimen is
provided. The primary objective is to understand how the DIC strain results vary under the
investigated parameters of surface curvature, camera proximity, surface treatment, and speckle
pattern color.
Chapter 5 describes a concrete prism test completed at the University of Auckland as part of
Phase 3 [3]. The test photos were analyzed, and results are presented to show the accuracy of
MODEM for the given loading protocol and testing scale. This chapter also examines the
capability for MODEM strain contours and tracking performance to be used for crack detection
and characterization.
Chapter 6 provides an overall summary on the performance of MODEM and its applicability to
structural testing and provides general and technical recommendations for future testing and
research.

3

2

LITERATURE REVIEW

This chapter summarizes the basic principles of DIC and reviews prior research on DIC testing
applications including metals in tension and concrete in compression/tension to provide a basis
for the test set-up and DIC parameters used in the testing for this paper. The main factors
affecting the accuracy of DIC measurements is discussed to lay the foundation for the testing
program in this thesis and provide a threshold for MODEM’s desired performance. Current
capabilities and limitations of DIC measurements with existing software is examined to establish
the potential benefits of using MODEM as an alternative. Finally, the results and key outcomes
are summarized from Phase 1 aluminum tensile tests.
2.1

Background and Applications

Digital image correlation was introduced in the early 1980’s as a way of utilizing photogrammetry
and computer vision to measure deformations and stresses in experimental solid mechanics [4].
Photogrammetry is the science and technology of obtaining information through photographs
(typically triangulation of features), and computer vision is the field of study aimed at enabling
computer software programs (like MODEM) to automate the identification of detailed information
from photographs.
2.1.1

Principles of DIC

This paper focuses on properly setting up and running a DIC experiment to assess the accuracy
of the DIC software MODEM. The detailed theory behind DIC methods and algorithms including
shape functions, correlation criterion, and interpolation scheme are outlined by Sutton et al. [4]
and Pan et al. [5].
To provide a brief description of DIC: a series of digital images captured during the loading and
deformation of a test specimen are used to map coordinates between the undeformed reference
image and subsequent images of the deformed specimen. Unique features are identified within a
desired region of interest (ROI), which is subdivided into a user-specified grid spacing and
corresponding subset size. Figure 2.1 shows a sample ROI on the surface of a specimen with
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calculation points located at the center of subsets. A square grid size of K by K pixels
corresponds to a subset size of (K+1) by (K+1) pixels [6].

Subset size:
(K+1) pixels

ROI

x

Grid size:
(K) pixels
y

Figure 2.1: Grid Spacing and Subset Size for DIC Calculations from Wang & Pan [6]

The unique features in the ROI are tracked and used to match subsets in the deformed image to
subsets in the reference image. Figure 2.2 shows the calculation point “P” being tracked from a
reference subset before deformation to the target subset after deformation.

x

x
P (x0, y0)

y

y

Displacement Vector

P’ (x0’, y0’)
Reference Subset

Target Subset
Reference Image

Deformed Image

Figure 2.2: Illustration of A Reference Square Subset Before Deformation and a
Target Subset After Deformation from Pan et al. [5]

The mapping (or tracking) of unique attributes is performed through the use of gray scale
intensities from a random speckle pattern applied to the surface of the specimen. A square
subset rather than a single pixel is selected since a larger variation in gray levels will better
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distinguish itself from other subsets and will therefore be more distinctively identified in the
refence image [5].
2.1.2

Metals Tested in Tension

Two-dimensional deformation measurements were the foundation of early DIC applications in
which flat metal specimens were photographed while being subjected to uniaxial tensile loading.
In 1998, Smith et al. [7] assessed the error level in DIC strain mapping of plastically deformed
sheet metal specimens. Again in 1998, Lanza di Scalea et al. [8] used DIC to calculate the strain
field in steel plates loaded in tension. These tests employed a random speckle pattern using
white and black spray paint applied to the surface of the specimens and a digital camera mounted
on a tripod with the lens optical axis perpendicular to the surface of the test specimen for imaging,
shown in Figure 2.3.

Light Source
Digital Camera

Lens

Loading
90o

Planar
Specimen

Figure 2.3: Schematic of Typical 2D-DIC System for Testing
Planar Specimens in Uniaxial Tension from Pan et al. [9]

Similar test setup and speckle pattern application for 2D DIC measurements utilizing a single
camera was successfully used by Sutton et al. [4] in 2009 to test out-of-plane motion of flat metal
polymer specimens; by Pan et al. [9] in 2013 to improve DIC measurement of aluminum plate
tests through use of a bilateral telecentric lens; and in 2014 by Becque et al. [10] to determine the
yield characteristics of stainless steels. Since the initial development of 2D DIC, additional
research proved its use to measure surface deformations of planar specimens for fracture
mechanics [11], to capture material behavior of metals [12], plastics [13], wood [14], and ceramics
[15].
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2.1.3

Concrete Tested in Compression and Tension

In the past five years similar DIC techniques have been applied and expanded upon to test
various concrete specimens in compression and tension. Research using DIC on concrete is
limited due to the fact that strains in concrete are relatively small in the elastic region compared to
ductile materials, thus requiring a higher spatial resolution from the DIC system. In 2017,
researchers Mamand & Chen [16] developed a method called Extended Digital Image Correlation
(EDIC) for detecting micro cracks in concrete beams subjected to four-point bending. The
qualitative assessment of strain maps showed the system was able to detect cracks (Figure 2.4)
earlier in the loading process (at a strain of 0.002) by reducing the grid spacing used in analysis.

(a)

(b)

(c)

Figure 2.4: EDIC for Micro Crack Detection (a) Concrete Specimen with Crack, (b) EDIC Crack
Path, and (c) DIC Strain Contour from Mamand & Chen [16]

Although crack detection is an important aspect of experimental testing of concrete, the method
presented by Mamand & Chen does not compare the recorded EDIC strains to traditional
instrumentation, indicating the DIC strain values may only be used for their relative intensity at
strains less than 0.002. Conversely, at high strains, concrete in compression may start to spall
and loose its speckle pattern and concrete in tension can experience wide crack planes. Spalling
and cracking creates significant discontinuities in the speckle pattern and effects the DIC
system’s ability to track the features between load steps leading to data loss.
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In 2019, Lingga et al. [17] tested cemented rock filled cylinders in compression. The study found
DIC results for stress-strain curves were within 5% of LVDT readings in the elastic region until
70% of peak strength. After this point, the DIC strains diverged significantly from the LVDT
readings and heavy cracking was observed on the surface of the specimens, which was likely
attributed to settlement of aggregate, voids, and shrinkage stresses induced by the drying
process [17]. Another study in 2019 by Xiang et al. [18] used DIC to measure splitting crack
openings in concrete prisms under axial compression exposed to elevated temperatures. Again,
results were accurate within the elastic range compared to a displacement gage but had more
than 40% error after spalling and cracking occurred. Figure 2.5 shows specimen C2-200 at failure
and the resulting stress-strain curves using the displacement gage and DIC readings.

(a)

(b)

Figure 2.5: Concrete Test Specimen from Xiang et al. [18] (a) Specimen at Compressive Failure,
and (b) Stress-Strain for displacement meter (YHD) and DIC Measurements

The stress-strain curves show the DIC readings (in red) almost exactly follow the traditional
instrumentation until reaching approximately 70% of peak strength, at which point the concrete
begins to crack and spall, and the DIC measurements, while following the same relative values,
lose their accuracy. This phenomenon is seen repeatedly in DIC measurements on concrete
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materials; therefore, researchers [19, 20] often only utilize DIC for qualitative damage detection
and crack characterization when testing concrete outside its linear range.
2.2
2.2.1

Accuracy of DIC Measurements
Types of Errors

In recent years 2D DIC analysis techniques have been extensively researched and enhanced in
order to reduce computational complexity and improve measurement accuracy by eliminating
errors attributed to both calculation and measurement errors. Calculation errors include those
inherent to the DIC software including correlation criteria, shape function, sub-pixel intensity
interpolation algorithm and sub-pixel registration algorithm [9]. Measurement errors include those
due to imperfect or unstable imaging systems effecting the quality of photos due to speckle
pattern, lighting, camera resolution, distortion, and out-of-plane movement [9].
Depending on the level of sophistication of test equipment and DIC software, it is possible to
obtain high resolution DIC measurements that are within 1% accuracy of traditional
instrumentation by combining stereo-vision (3D DIC) analysis to eliminate lens distortion with
bilateral telecentric lenses to correct for out-of-plane movement [4, 9]. However, much testing has
been completed to improve 2D DIC without the need for sophisticated test equipment through
subset selection algorithms to reduce noise [21], the use of mean intensity gradients to produce
high-quality speckle patterns [11], and additional program algorithms to correct for lens distortion
[22].
2.2.2

Errors Based on Measurement Technique

While the majority of recent improvements in DIC focus on addressing calculation errors through
advanced system algorithms, it is important to emphasize that measurement errors cannot be
overcome by even the most robust and accurate DIC algorithms. In fact, measurement errors are
often greater than calculation errors caused by the DIC software [5, 9, 4]. For this reason,
accuracy under various testing and DIC parameters is used to establish a performance threshold
for MODEM. A summary of various testing applications with several DIC parameters and resulting
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error is given in Table 2.1 to provide insight into what parameters are common and how those
parameters may differ depending on material and loading.
Comparing results from 13 previous research studies proves difficult since analysis parameters
are referred to differently by each researcher or software package. However, the tests shown in
Table 2.1 represents typical results found in the literature for metals in tension and concrete in
compression/tension when considering:
•

Test parameters: material of the specimen, loading protocol, and DIC software used

•

DIC parameters: speckle pattern application type, camera resolution, length of camera
lens, lighting, and subset width in pixels

•

Measurement parameters: whether a calibration was applied, how the DIC results were
processed, what traditional instrumentation was used, and the resulting error between the
DIC measurements and the traditional instrumentation

Table 2.1 is organized based on material and loading: first with metals tested in tension, followed
by concrete in compression, and finally concrete/cement in bending/tension.
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Table 2.1: Accuracy of DIC Testing Applications
Test Parameters
Author
Sutton et al.
[4]
Becque et al.
[10]
Hoult et al.
[23]
Smith et al.
[7]
Zhang et al.
[21]
Saletti &
Forquin [24]
Belloni et al.
[25]
Lingga et al.
[17]
Xiang et al.
[18]
Mamand &
Chen [16]
Melenka &
Carey [19]
Enfedaque et
al. [20]
1

Year
2009
2014

Specimen
metal
polymer
stainless
steel

1

L

Software

T

VIC-2D

T

MATLAB

2013

steel

T

GeoPIV

1998

sheet
metal

T

Numerical

2017

substrate

T

Numerical

2016

aluminum

T

Correli Q4

2019

polymer

T

py2DIC

C

VIC-3D

C

proprietary

B

DaVis

T

DaVis

T

Propriety

2019
2019
2017
2015
2016

concrete
cylinders
concrete
prisms
concrete
beams
cement
cylinders
cement
boards

Speckle
spray
paint
marker
dots
spray
paint
spray
paint
spray
paint
spray
paint
spray
paint
spray
paint
ink
transfer
spray
paint
spray
paint
spray
paint

DIC Parameters
Lens
R2
Light
(mm)

Measurement Parameters
3

4

S

C

Processing

Trad. Inst.

Error

1.4

55

spot

25

N

averaged strain

extensometer

5%

12

55

spot

170

N

displacement

notch angle

13%

10

55

spot

32

N

out-of-plane

strain gages

5%

0.3

50

ambient

60

N

avg. image
frames

14

55

spot

50

N

averaged strain

known
displacement
known
displacement

0.08

N/A

ambient

8

N

averaged strain

strain gages

32%

18

55

spot

65

N

averaged strain

strain gage

5%

5

55

spot

21

Y

average &
linear fit

LVDT

5%

20

55

spot

51

N

averaged strain

displacement
gage

14%

5

24

ambient

75

N

strain maps

N/A

N/A

8

35

ambient

128

Y

strain maps

theory

N/A

5

N/A

N/A

51

Y

strain maps

LVDT

N/A

Loading; T = tension, C = compression, B = bending
Resolution of camera in Megapixels (MP)
3
Subset square size (in pixels)
4
Calibration using checkered board for displacement measurements or lens distortion correction; Y = calibration performed, N = no calibration
2

10%
5%

The work conducted for this thesis was specifically informed by the concrete tests completed by
Lingga et al. [17], Mamand & Chen [16], and Melenka & Carey [19]. Figure 2.6 shows images of
the test specimens used in these experiments.

(a)

(b)

(c)

Figure 2.6: Concrete Test Specimens from Table 2.1 (a) Concrete Beam in Bending
from Mamand & Chen [16], (b) Cylinder in Compression from Lingga et al. [17], and
(c) Splitting Tension Test of Cylinder from Melenka & Carey [19]

Specifically, the research by Mamand & Chen [16] showed a smaller subset spacing was required
to identify cracks in concrete beams earlier in the loading process (Figure 2.6a). This information
informed the subset spacing used in Phase 3 for the crack mapping investigation of the concrete
prism loaded in tension. The test setup used by Lingga et al. [17] for concrete cylinders in
compression (Figure 2.6b) influenced the placement of traditional instrumentation on concrete
specimens in Phase 2. The DIC results found by Lingga et al. found 5% when compared to
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traditional instrumentation located on either side of the concrete cylinders. Finally, results from
Melenka & Carey [19] showed that maximizing the field of view (FOV) was necessary to obtain
proper resolution of full-field strain when using a fine white speckle pattern over black paint on
cement cylinders (Figure 2.6c). The results from these experiments were used to select a camera
distance and zoom to maximize the FOV used for the baseline test in Phase 2.
2.2.3

Desired Accuracy of MODEM 2D Strain Measurements

Several observations can be made about the test parameters, DIC parameters, and
measurement parameters reported in the experiments summarized in Table 2.1 when considering
measurement accuracy.
•

DIC measurements are generally more accurate for metals tested in uniaxial tension than
for concrete in compression/tension when a spray paint speckle pattern is used

•

Higher camera resolution also produces more accurate results with a spray paint speckle
pattern

•

Camera calibration (using a checkered board) is uncommon for 2D measurements
utilizing a single camera

•

Speckle pattern applied with spray paint and the use of spot lighting compared to ambient
room lighting is the most common

•

DIC results are processed and compared to traditional instrumentation by averaging the
readings within a given area as opposed to comparing results at individual locations

•

There is a wide variety of subset sizes used between 20 and 100 pixels that produce
accurate results

Following these observations, an acceptable threshold for MODEM’s performance should be
strain results within 5% of traditional instrumentation for metal in tension and strains within 10% of
traditional instrumentation for concrete in compression/tension where large strains and cracking is
expected. The error threashold is greater for concrete to account for the fact that traditional strain
gages applied to the surface of concrete are susceptible to fracture if cracks become too wide.
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2.3

Comparison of DIC Software

This section compares the performance of existing software in terms of algorithms, usability, and
similarity between measurements as a way to confirm the sources of error reported in Table 2.1
stem from DIC, test set-up, and measurement parameters and not from the software itself.
2.3.1

Typical DIC Software Algorithms

Tests shown in Table 2.1 utilize existing DIC software ranging from expensive commercial
packages to free and open source programs. Although unique in their own ways, most if not all, of
the DIC programs employ local DIC principles for matching subsets and extracting full-field
displacements as well as a B-spline subpixel interpolation scheme, which is also used by
MODEM [1]. Local (as opposed to global) DIC uses local shape functions (as opposed to Q4
elements with imposed continuity) to track a calculation point at the center of a subset
independently from other subsets [6]. Due to ease of implementation, high accuracy, and high
efficiency, these methods are applied in most commercial systems and practical applications
today [26].
2.3.2

Usability of Existing DIC Software

Several of the most common software programs include the commercial (COM) programs VIC-2D
by Correlated Solutions, Inc. [27] and DaVis by LaVision [28] and the free open source software
(FOSS) programs Ncorr [29], DICe [30], and py2DIC [25]. Table 2.2 compares these COM and
FOSS programs based on analysis dimension capabilities, source code language, operating
system, and overall benefits and limitations.
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Table 2.2: Commercial and Open Source DIC Software

Qualitative comparisons between the strain maps from py2DIC and VIC-2D [25] and between
Ncorr and VIC-2D [29] showed good agreement between the displacement and the strain maps.
However, py2DIC has only been tested in elementary applications and Ncorr required significant
processing time compared to the other programs.
2.3.3

Measurement Similarity Between Existing DIC Software

Despite minor differences in benefits and limitations, quantitative studies have shown that the
programs listed in Table 2.2 produce similar displacement and strain results under a variety of
testing conditions. In 2019, Belloni et al. [25] compared VIC-2D, py2DIC, Ncorr, and DICe using
two sets of experimental images. Results showed displacements calculated by all programs were
within a few microns, or a few hundredths of a pixel, from one another and strain calculations
were within 5% error when compared to a traditional strain gage. Again, in 2020, Lunt et al. [31]
used High Resolution Digital Image Correlation (HRDIC) to investigate if an increase in spatial
resolution would lead to differences in the recorded displacements between VIC-2D, DaVis, and
Ncorr. By comparing the recorded displacements to an LVDT, results showed slight differences
between the displacement readings of the different programs that increased with increasing
applied strain; however, at standard DIC resolutions, minimal differences were observed.
The combined qualitative and quantitative results show that common COM and FOSS programs
provide the same level of accuracy but have benefits or limitations depending on the test
environment and specific needs of the researcher. The aim of this research is to therefore assess
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the accuracy of MODEM in hopes that, if it meets the acceptable level of performance, this open
source software can meet the needs of researchers which are otherwise not met with the
currently available software.
2.4

Summary of Key Outcomes from Phase 1 Testing

This section provides an overview of the Phase 1 aluminum tensile tests, conducted with
assistance from the author of this thesis, and described by the partnering researcher in a
separate report [2]. This section briefly describes the test setup and specimen geometry,
summarizes the results from a single experiment, and details the key observations that were
crucial in establishing the testing program for Phase 2.
2.4.1

Summary of Experimental Setup and Procedure

A series of tensile tests on aluminum coupons were conducted to formally document the use of
MODEM for DIC analysis. Additional tests were run to verify the DIC strain measurements and
substantiate MODEM as an accurate DIC program. Specimens were tested in a hydraulic
universal testing machine (UTM) as illustrated in Figure 2.7. Digital images were acquired with a
Nikon D5500 camera mounted on a tripod placed in front of the test machine and perpendicular
to the coupons. Additionally, two spotlights were attached to the frame of the UTM to provide
complete and constant illumination of the speckle pattern on the aluminum coupons. The
components of the test set-up which are specific to capturing DIC measurements are shown in
bold, red font in Figure 2.7.
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Figure 2.7: Phase 1 Test Setup Schematic

The specimens were 1.25 inches wide by 11 inches long cut from sheets of 12-gauge aluminum.
Figure 2.8 shows the dimensions of the coupons with the speckle pattern applied to the front and
the location of the single strain gage attached to the back. The speckle pattern was applied using
a layer of black spray paint followed by white spray paint applied through a screen.

Figure 2.8: Aluminum Specimen Dimensions [2]
Additionally, an extensometer with a 2-inch gage length was attached to the specimens as shown
in Figures 2.9 and 2.10. Figure 2.9 is a photograph of the overall test setup and Figure 2.10
shows an example photo used for DIC analysis. Each specimen was subjected to a continuous
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displacement-controlled loading at a rate of 0.01 in/sec in pure tension. Photographs were taken
every 10 seconds using the camera’s interval shooting, until reaching a total of 40 images.

Figure 2.9: Photo of Phase 1 Test Setup
[2]

2.4.2

Figure 2.10: Photo of Aluminum
Specimen used for DIC Analysis [2]

Example of Experimental Results

Strains for each test were calculated using the DIC software MODEM and compared to the
readings from a strain gage and extensometer. Figure 2.11 shows the strains at each load step
(image number) for the traditional instrumentation and the DIC readings for one of the specimens.
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Figure 2.11: Axial Strain vs. Load Step of Aluminum Specimen

The DIC strains have some amount of expected noise and were therefore smoothed by taking a
linear fit of the data. The linear fit results in a 5% error compared to the strain gage. A linear fit
was appropriate for this test due to the uniform loading and approximately linear strain response
per image number recorded by the traditional instrumentation.
Next, Figure 2.12 shows the resulting stress-strain curves using the strain gage, extensometer,
and linear DIC values.
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Figure 2.12: Stress vs. Axial Strain of Aluminum Specimen
The results show the DIC strains almost exactly capture the response of the aluminum material
as measured by the traditional instrumentation; however, DIC and strain gage measurements
begin to differ at a stress of 20 ksi. The yield strength of the aluminum coupons was
approximately 25 ksi, at which point the material no longer behaves linearly. It appears the DIC
measurements are able to capture aluminum behavior outside the materials’ linear range within
5% average error, consistent with the desired accuracy of MODEM strain measurements for
metals in tension established by other tests described in Section 2.2.
2.4.3

Analysis of Phase 1 Results

A total of 14 experiments were conducted in Phase 1 on aluminum coupons loaded in uniaxial
tension. The best practices for test set-up that led to the greatest accuracy compared to
traditional instrumentation are listed as follows:
•

Constant and proper illumination: Uniform and sufficient lighting of the speckle pattern
on the surface of a specimen is necessary to reduce glare and shadows in DIC photos.
Tests should be conducted away from windows, especially if the test duration is long
enough to include changes in daylight.
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•

Even distribution of speckle pattern: An evenly distributed speckle pattern is
necessary for the DIC program to identify sufficient features for tracking displacements
across the entire surface.

•

No camera movement: Even slight camera movement or vibrations (i.e. caused by
manually capturing photos) will be identified by the DIC system as additional
displacements that could skew results or cause tracking errors.

•

Appropriate capture rate: A capture rate that is too slow could result in large
displacements that cause tracking errors.

Tracking errors occur when unique features are lost by the DIC program during the image
sequence. Lost features increase the likelihood of mis-matched subsets, which in turn, may
increase the chance of inaccurate DIC calculation points.
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3

PHASE 2 TEST PROGRAM

This chapter provides the details of concrete cubes and cylinders tested in compression for
Phase 2. A detailed description of the test program including specimen fabrication, test setup,
and test parameters is presented. In addition to assessing MODEM’s accuracy in these
experiments, another objective was to establish a simple and repeatable procedure for obtaining
accurate DIC measurements for testing concrete. Therefore, detailed documentation related to
the conduct of this test program is included in Appendix A through C.
3.1

Concrete Specimens

A total of four 5-inch by 5-inch concrete cubes and four 4-inch by 8-inch concrete cylinders were
fabricated for compression testing. The following sections summarize the process for constructing
and preparing the specimens. Appendix A details the complete specimen preparation procedure
including gauge installation, capping, and speckle pattern application.
3.1.1

Specimen Design and Fabrication

The cubes were designed to represent the approximate thickness of the boundary elements of a
scaled wall specimen in the Cal Poly College of Architecture & Environmental Design (CAED)
High Bay Lab, while the size of the cylinders was selected based on standard cylinder forms
available and their same relative scale to the cubes. No pre-made forms were available for the
cubes, therefore the forms were constructed (Figure 3.1a) using wood screws and ¾-inch sanded
plywood to ensure a smooth surface for gage application.

22

(a)

(b)

Figure 3.1: Phase 2 Specimen Fabrication; (a) Construction of cube forms and (b) Casting
of concrete cubes

The concrete mix design based upon 1 cubic yard is shown in Table 3.1 and was scaled to meet
the necessary volume for the test specimens and 12 additional concrete cylinders for strength
testing totaling 0.20 cubic yards.
Table 3.1: Phase 2 Mix Design (1 cubic yard)

The concrete was mixed and poured (Figure 3.1b) into the forms following ASTM C192 [32].
Once poured, the specimens were cured for a minimum of 14 days before preparing them for
instrumentation.
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3.1.2

Instrumentation

To assess the accuracy of strains calculated using the DIC speckle pattern on the front of the
specimens, 3 ½ -inch concrete surface strain gages were placed on the left and right sides of
each specimen (Figure 3.2) and a 2-inch gage length extensometer was placed on the back. The
cubes had two gages per side to measure strain in the x and y direction, while the cylinders had
one gage per side measuring strain in the y direction.
CL

strain gage

CL

8”

CL

5”

5”

4”

(a)

(b)

Note: Gages applied to both sides of specimens
Figure 3.2: Layout of Strain Gages on (a) Cubes and (b) Cylinders

The extensometer was attached to threaded rods with 90-degree hooks installed in the concrete
shown in Figure 3.3. The rods were installed with 2-part epoxy at approximately 2 inches depth
into the specimen to ensure proper interaction with the concrete and spaced 2 inches apart to
maintain the 2-inch initial gauge length of the extensometer.
Lastly, a speckle pattern was applied to the front of the specimens using black and white spray
paint for the purposes of DIC measurements. Figure 3.4 shows a 3D layout of the cube
specimens that illustrates the location of all instrumentation.
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Figure 3.3: Threaded Rods Installed in Cylinder
Specimens for Attaching Extensometer

.

Figure 3.4: Layout of Instrumentation on Cube Specimens;
(a) Strain Gages, (b) Extensometer, and (c) Speckle Pattern for DIC
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3.2

Experimental Setup and Procedure

The cubes and cylinders were tested in the Cal Poly CAED High Bay Lab using a hydraulic test
machine. Appendix B provides a detailed checklist for executing these compression tests
including experimental set up, data synchronization, and immediate post-processing. Appendix C
describes the data acquisition (DAQ) system used to record the strain gage and extensometer
readings, including program set up, sensor calibration, and use.
3.2.1

Experimental Setup

The first consideration when setting up an experiment for DIC measurements is the location of
the camera and lighting. The camera needs to be in a location such that it has full, unobstructed
view of the specimen surface for which measurements are desired. Additionally, the camera
needs to be a sufficient distance from the loading equipment to limit the likelihood of being
accidently repositioned during the imaging process. Next, there needs to be enough room in front
of the specimen to set up sufficient lighting at approximately a 45-degree angle. The remaining
equipment required for the test should be configured around the camera and lighting setup.
Figure 3.5 is a labeled plan-view of the experimental set up for Phase 2 testing with the DIC
components shown in bold, red text. Items shown in black text (test machine controls, computer
1, and computer 2) were required for proper synchronization of the DIC photos and
instrumentation and were the only items needed to be accessed during the experiment. This
allowed the DIC components to be undisturbed for the duration of the test. Lastly, items shown in
gray text include items that previously existed in the lab or were required for the test machine and
traditional instrumentation and were not related to the DIC aspect of these experiments.
Figure 3.6 shows a photograph of the corresponding test setup. Placing the lights on stools was
necessary to obtain a proper angle (about 45 degrees) to eliminate shadows and glare in the DIC
photos.

26

Figure 3.5: Plan View of Phase 2 Test Setup

Figure 3.6: Photograph of Phase 2 Experimental Setup
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3.2.2

Test Procedure

Table 3.2 shows the parameters used in Phase 2 where each concrete specimen was subjected
to a continuous force-controlled loading at a rate of 250 lb/sec in pure compression.
Table 3.2: Compression Test Parameters
Parameter
Number of images
Image interval (sec)
Test duration (sec)
Loading rate (lb/sec)

Value
50
6
300
250

A total of 50 photos with a 6 second interval was selected to balance the amount of incremental
change in strain at each photo (load step) with the time required to process the DIC photos. The
loading rate was then calculated to reach a maximum compressive force of 73,000 lb after
capturing 50 images at 6 images per second.
The maximum compressive force was found by multiplying the average cross-sectional area of
the cubes and cylinders by the maximum compressive strength of the concrete found to be 5,800
psi per ASTM 39 test standards [33]. Dividing the maximum load by the test duration resulted in
the loading rate of approximately 250 lb/sec, which corresponded to a single increment on the
analog load dial of the test machine. Manual load control was used to maintain the 250 lb/sec
loading rate.
3.3

Investigation of DIC Parameters

A total of four sets of tests were run that investigated how different parameters affected the
accuracy of the strains reported by MODEM. All four of these tests investigated the effect of
surface curvature by testing one cube and one cylinder. Table 3.3 shows the investigated
parameters and parameter values used for each cube and cylinder pair.
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Table 3.3: Phase 2 DIC Parameters Investigated

Test

3.3.1

Investigated Parameter

Parameter Values
Camera Proximity

Surface Treatment Speckle Color

1

Baseline

4 feet

none

white

2

Camera Proximity

8 feet

none

white

3

Surface Treatment

4 feet

voids filled

white

4

Speckle Color

4 feet

none

black

Baseline

The first test was used to establish a baseline from the Phase 1 best practices discussed in
Chapter 2.4 and consisted of a 4-foot camera proximity, no surface treatment, and a white
speckle pattern over black painted concrete.
3.3.2

Camera Proximity

Out-of-plane motion will cause more error in DIC measurements the closer the camera is to the
specimen [9]. Figure 3.7 shows the effect of out-of-plane motion on DIC measurements.

Figure 3.7: Effect of Out-of-Plane Motion of the Test Object on the
Sensor Plane Displacement Measured by DIC from Pan et al. [9]
Given an amount of out-of-plane motion, ∆", the DIC measurements will increase or decrease by
an erroneous amount of in-plane displacement, # depending if ∆" is in the positive or negative
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direction. Using similar triangles proves increasing the distance between the object plane and the
imaging lens (") or increasing the focal length ($) will ultimately decrease the amount of in-plane
displacement measured by the imaging system given the same amount of out-of-plane motion.
Out-of-plane motion is not expected for small-scale concrete specimens loaded in compression
but can be a significant factor in multi-axial loading of large-scale structural specimens.
Therefore, the second test investigated the effect of camera proximity, or stand-off distance
(SOD), on the accuracy of DIC measurements by moving the camera from 4 feet away to 8 feet
away.
3.3.3

Surface Treatment

The next parameter was chosen due to the fact that experimental testing on concrete specimens
such as walls, columns, and beams often involves retrofitting and re-testing the same specimen
after is has experienced significant damage/cracking. In addition to repairing the specimens for
structural damage, the surface of the concrete would also need to be restored to allow a DIC
program to fully define the surface of the specimen and process the recorded images [4]. Figure
3.8 shows an example of the post-failure repair process of a masonry wall specimen that was
analyzed by Sutton et al. [34] using 3D DIC measurements and includes filling surface cracks
with concrete mortar (Figure 3.8c).
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Figure 3.8: Post-Failure Repair of Masonry Wall Specimen; (a) Strengthening of Top Corners with
Diagonal Reinforcing Rods, (b) Replacement of Crushed CMU, and (c) Crack Filling Before
Reapplication of DIC Speckle Pattern from Sutton et al. [34]

Therefore, the third test investigated how three surface treatment materials, of varying
compressive strength, overlaid on the concrete specimens affect the accuracy of the MODEM
strain measurements. The surface of the specimens was divided into four regions with the
following overlay materials:
1. Clay material with zero strength
2. Cement material with less strength than concrete
3. Epoxy material with higher strength than concrete
4. Cement material with less strength than concrete
Figure 3.9 shows the different materials on the concrete cube and the location of each surface
treatment region. Results from Test 1 and Test 2 showed the most accurate DIC analysis regions
were in the middle or on the edge of the specimens, and because the cement material is more
common than clay or epoxy, the cement was applied in locations 2 and 4 (Figure 3.9b).
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Figure 3.9: Surface Treatment Materials for Test 3 (a) Cube Specimen Before Speckle Pattern
Application (b) Typical Location of Surface Treatment Material Regions
The clay and cement materials are expected to deform with the surface of the concrete and
therefore not affect the DIC measurements at low strain, but these materials may crumble or
delaminate from the surface at high strain. Whereas, the high-strength epoxy may potentially
influence the deformation of the specimen at low strain but is expected to adhere better to the
surface at high strain.
3.3.4

Speckle Color

Finally, in typical testing of concrete specimens, the surface is usually whitewashed to map and
photograph crack development (Figure 3.10). Thus, the final parameter tested a cube and
cylinder using a black speckle pattern over whitewashed concrete.

Figure 3.10: Example Whitewashing of Concrete Wall Test for Crack Mapping from Kucukgoncu
& Altun [35]
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4

PHASE 2 ANALYSIS AND RESULTS

Chapter 4 summarizes the results and key experimental findings for the concrete compression
tests completed for Phase 2. A total of four sets of experiments were conducted investigating the
effects of: (i) surface curvature, (ii) camera proximity, (iii) surface treatment, and (iv) speckle color
on the MODEM strain measurements.
Section 4.1 provides a discussion of DIC photo quality, the camera settings used for each test,
and the resulting photos and speckle patterns for all test specimens. Section 4.2 describes the
layout and naming convention of the DIC analysis regions. Section 4.3 presents the cube and
cylinder results from each of the tests in terms of: (i) strain readings at each load step (image
number), (ii) stress-strain plots, (iii) MODEM tracking performance, and (iv) full-field strain
contours. Section 4.4 compares the results from each test and provides overall conclusions about
the influence of each parameter on the DIC measurements.
4.1
4.1.1

Comparison of DIC Test Photos
Photo Quality Investigations using Mock Specimens

One of the major challenges in a DIC experiment is obtaining high quality photos. Therefore, in
addition to the four cubes and four cylinders that were load tested, various “mock” cylinders (left
over from miscellaneous experiments or lab classes) were used to investigate the ability for
MODEM to identify and track a speckle pattern on a surface without any load being applied.
These tests were used intermittently to test parameters related to image quality such as lighting
and speckle pattern density for a white over black pattern versus a black over whitewash pattern.
These tests found three main contributors to photo quality including: (i) lighting, (ii) camera
settings, and (iii) speckle pattern color and density. As discussed in Chapter 2, poor photo quality
results in errors in DIC programs that cause inaccurate results or prevents the user from running
an analysis all together. Figure 4.1 shows a comparison of photos with “High”, “Acceptable”, and
“Poor” quality.
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(a)

(b)

(c)

Figure 4.1: Comparison of Photo Quality Based on Lighting and Speckle Pattern; (a) High
Quality, (b) Acceptable Quality, and (c) Poor Quality
The “High” quality photo has an evenly distributed speckle pattern and proper illumination
resulting in a tracking performance greater than 90%. The “Acceptable” quality photo is slightly
darker, resulting in a lower tracking performance, and the “Poor” quality photo is very dark with a
sparse speckle pattern preventing MODEM from being able to identify features and process the
photos. Similarly, Figure 4.2 shows a comparison of speckle densities when using a black
speckle over whitewashed concrete.

(a)

(c)

(b)

(d)

Figure 4.2: Comparison of Speckle Pattern Density for a Black Speckle over Whitewashed
Concrete; (a) Low Density, (b) Low-Medium Density, (c) Medium Density, and (d) High Density
The “Low” and “High” density speckle patterns resulted in erroneous strain values after 20 images
(load steps) were processed in MODEM with the “mock” specimen unloaded, while the “LowMedium” and “Medium” density speckle patterns resulted in approximately zero strain for each
load step. All the patterns had a high tracking performance, but DIC strain measurements
indicated a speckle pattern density between “Low-Medium” and “Medium” would give the most
accurate DIC results.
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4.1.2

Camera Settings

Because the quality and lighting of the photos was affected as the test parameters were changed,
the camera settings were adjusted for each experiment as necessary in an attempt to produce
“High” quality photos. Table 4.1 lists the camera settings used in tests 1-4, with the changed
settings highlighted in gray.
Table 4.1: Phase 2 Camera Settings

Note: Values in “( )” indicates setting used for cylinder if different than setting for cube
These settings were selected based on the combination of observations made in the previously
discussed “mock” tests and the recommendations provided in the MODEM guidelines document
[2] developed from Phase 1. The zoom for test 2 was increased due to the increased camera
distance and the shutter speed and F-stop were adjusted for test 4 to account for the change in
lighting from whitewashing the concrete.
4.1.3

DIC Test Photos and Speckle Pattern Results

Several photos from each specimen in an unloaded condition were processed in MODEM to
verify the quality of the photos before conducting the experiment. Lighting and camera settings
were then adjusted if necessary, to ensure MODEM could define the surface of the specimens
and track features between unloaded images. All photos were considered “High” quality for
analysis purposes, however slight differences based on lighting, contrast, and speckle pattern
density and feature size are outlined below:
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•

Test 1: Cube and cylinder photos have appropriate lighting, high contrast, approximately
50% speckle pattern density, and feature size between 10-20 pixels.

•

Test 2: Cube and cylinder photos have high contrast, however cube photos are slightly
brighter than Test 1 with a denser speckle pattern and feature size between 20-50 pixels,
while the cylinder photos are slightly darker than Test 1 with a less dense speckle pattern
and feature size between 5-15 pixels.

•

Test 3: Cube and cylinder photos have appropriate lighting, high contrast, approximately
50% speckle pattern density, and feature size between 10-20 pixels.

•

Test 4: Cube and cylinder photos have high contrast but are lighter than previous tests
due to white background, a less dense pattern density due to the color of the speckle,
and a feature size between 50-100 pixels.

The DIC reference images for the cubes and cylinders for each experiment are shown in Table
4.2, along with an enlarged version of the reference image showing the speckle pattern in detail.
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Table 4.2: Comparison of DIC Reference Photos and Speckle Patterns for Phase 2
Test

1

2

3

4

DIC Reference Photo
Cube

Speckle Pattern
Cylinder

Cube

Cylinder

4.2

MODEM Analysis Regions

Multiple regions on the front face of the cubes and cylinders were analyzed in MODEM and the
average strains within a region were compared against the traditional instrumentation readings. A
total of 21 regions for the cubes and cylinders were selected for analysis in the y-direction with an
additional 7 regions considered in the x-direction on the cubes. Figure 4.3 shows the layout and
naming convention for the yy strain regions on the cubes. Appendix E includes the layout of the
xx strain regions on the cubes.

Figure 4.3: Layout of MODEM yy Strain Analysis Regions for Phase 2
(a) Region Layout on Cubes; (b) Region Layout on Cylinders
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The naming convention of the regions consists of a “Y” or “X” for the direction of strain analysis,
the region location, numbered from left to right for “Y” regions and top to bottom for “X” regions,
and the region length; “L” for long, “M” for medium, and “S” for short. The medium length regions
were selected to have the same height of the strain gages, and the variability in region length and
location allows for more regions of comparison in the event the concrete cracks under loading,
there are tracking errors in specific locations, or a gage on one side of the specimen is faulty. For
all regions, a grid spacing of 60 pixels, resulting in a subset spacing of 61 pixels, was used for
analysis; selected based on recommendations from the guidelines [2] developed in Phase 1.
4.3

Experimental Results from Phase 2

This section presents the individual results for the cubes and cylinders for each of the four
investigated parameters. The results presented in this section use a variety of post processing
techniques to remove noise and errors in the DIC measurements when necessary. A total of four
methods were investigated that used averaging, trend lines, calibration to traditional
instrumentation, and calibration using known material properties. Ultimately, the method of
calibration using the known Poisson’s ratio of concrete based on Hoult et al. [23] provided the
most accurate post-processed results. A more complete description and comparison of these
post processing techniques is presented in Appendix D.
Results in this section are presented for all yy strain regions. Similar results were found for the xx
regions for the cubes and are included in Appendix E. Experimental results will focus on (i) which
DIC region was the most accurate compared to the traditional instrumentation, (ii) how well the
most accurate region captured the material behavior of the concrete, (iii) the location of the most
accurate region with respect to strain concentrations and/or crack development, and (iv) the
overall tracking performance.
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4.3.1

Test 1: Baseline Results

Test 1 was a baseline test that used the parameters introduced in Table 3.3 in Chapter 3 and
consisted of a 4-foot camera distance, no surface treatment, and a white speckle pattern over
black painted concrete.
4.3.1.1

Accuracy of DIC Regions

Figure 4.4 shows the compressive yy strains (in micro strain) for each load step (image number)
for the cube and cylinder. The traditional instrumentation readings are shown in the black solid
line, the values from all DIC regions are shown in the light blue circles, the most accurate region
is in the blue solid line, and the post-processed DIC results are represented by the red asterisks.
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Figure 4.4: Test 1 Compressive yy Strain vs Load Step for (a) Cube and (b) Cylinder
The most accurate region for cube 1 was the long region in the center of the specimen, Y4L, with
a 3% error when compared to the average of both strain gages on either side. Post processing
the results for cube 1 had little impact on readings due to the high accuracy of the raw results.
The most accurate region for cylinder 1 was the short region on the right side, Y7S, with a 17%
error after post processing when compared to the strain gage on the right side of the cylinder.
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Figure 4.4b shows the results for the cylinder are more consistent between regions compared to
the cube. This is because the geometry of the specimens influences how stress is distributed. In
2019, experimental and numerical evaluations of mortar specimens loaded in axial compression
showed stress (Figure 4.5) in cubes concentrates in the center (x-direction) and middle (ydirection) while stress in cylinders concentrates in the middle but is distributed through the center
[36]. In other words, stress gradients are theoretically oriented horizontally and vertically for
cubes but only horizontally for cylinders.

Figure 4.5: Numerical Stress Distribution in Mortar Specimens in Compression for (a)
Cube and (b) Cylinder from Capraro et al. [36]
The distribution of stress in the cubes and cylinders tested for this research do not perfectly
match the representation shown in Figure 4.5 due to imperfections with material and loading,
however, the theory explains why several of the DIC regions in Figure 4.4 for the cube report
lower strains while all the regions for the cylinder measure similar strains. The regions reporting
lower strains for the cube are regions located closer to the edge with theoretically lower stress
values.
4.3.1.2

Stress-Strain Curves

The strain results for the most accurate region for the cube and cylinder were then plotted against
stress to assess how well the regions captured the material behavior of the concrete. Figure 4.6
shows the stress-strain curves for the cube and cylinder with the strain gage readings in black
and the processed results for the most accurate DIC region in red.
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Figure 4.6: Test 1 Stress vs Strain Curves for (a) Cube and (b) Cylinder

The stress-strain curves for the cube (Figure 4.6a) show the DIC values closely match the strain
gage for the entire duration of loading while the curves for the cylinder (Figure 4.6b) begin to
diverge at approximately 4 ksi, or 1000 micro strain. The divergence between the strain gage and
DIC curves for the cylinder is likely due to the presence of splitting cracks on the front face of the
cylinder that initially developed around 4 ksi. At 5 ksi (load step 46 in Figure 4.4b) the splitting
cracks became significant enough that the strain gage and DIC curves continue in different
directions entirely. Therefore, the DIC results for the cylinder are disregarded after load step 46.
4.3.1.3

Tracking Performance and Strain Contours

Another way to assess the DIC results is with the tracking performance and strain contours.
Figure 4.7 and Figure 4.8 show the DIC reference photo with the location of the most accurate
region, the final (load step 50) tracking performance, and the final strain contour for the cube and
cylinder, respectively. The dots on the front of the specimens in the tracking performance images
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(Figure 4.7b and Figure 4.8b) represent the unique features identified by MODEM which are used
to track subsets between photos. The red dots indicate features that the program was able to
track between the previous image and the current one while the blue dots indicate features that
were “lost”.

(a)

(b)

(c)

Figure 4.7: Test 1 Cube Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour

(a)

(b)

(c)

Figure 4.8: Test 1 Cylinder Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour
Figure 4.7a shows shadowing near the top of the cube, caused from the loading plate, which
resulted in a majority of the lost features (in blue) shown in Figure 4.7b. Still, the final tracking
performance for the cube was 94%. The strain contour in Figure 4.7c shows strain increases from
left to right on the surface of the cube, as well as strain concentrations on the top and bottom.
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This confirms why the DIC readings for the middle region were the most accurate when
compared to the average of the two strain gages, and why strains for regions near the edge of the
cube were lower than the strain gage.
Figure 4.8a also shows shadows at the top of the cylinder beneath the loading plate and Figure
4.8b indicates a significant number of features were lost near the top and sides of the cylinder,
resulting in a final tracking performance of 78%. The strain contour in Figure 4.8c reveals high
strain values primarily on the left side of the contour angled at 45 degrees towards the bottom
right, consistent with the location of splitting cracks. The strain gage on the left of the cylinder
may not be capturing these concentrations, which explains why the DIC readings for the right
region were most accurate when compared to the strain gage on the right of the cylinder.
4.3.1.4

Summary of Test 1 Results

Overall, the DIC strain results for the cylinder were not as accurate as the results for the cube for
the baseline test with 17% error for the cylinder compared to 3% error for the cube. Additionally,
the final tracking performance for the cylinder was 78% compared to 94% for the cube. This
indicates the curvature of the cylinder was not appropriately captured by MODEM 2D DIC
analysis when using a 4-foot camera distance, no surface treatment, and a white speckle pattern
over black painted concrete.
4.3.2

Test 2: Camera Proximity Results

For test 2, the camera was moved from 4 feet to 8 feet away from the specimen but maintained
the parameters of no surface treatment and a white speckle pattern over black painted concrete.
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4.3.2.1

Accuracy of DIC Regions

Figure 4.9 shows the strain at each load step for the cube and cylinder for Test 2 using an 8-foot
perpendicular camera distance.

Figure 4.9: Test 2 Compressive yy Strain vs Load Step for (a) Cube and (b) Cylinder
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The most accurate region for cube 2 was the long region on the right, Y7L, with an error of 11%
after post processing when compared to the strain gage on the right face of the cube. In general,
the regions for the cube underestimated the strains reported by the strain gage. The most
accurate region for cylinder 2 was the long region on the left, Y1L, with a post processed error of
11% when compared to the strain gage on the left of the cylinder.
4.3.2.2

Stress-Strain Curves

Figure 4.10 shows the stress-strain curves for the most accurate regions for the Test 2 cube and
cylinder.

Figure 4.10: Test 2 Stress vs Strain Curves for (a) Cube and (b) Cylinder
The DIC stress-strain curve for the cube (Figure 4.10a) has more noise compared to the results
for the cylinder, and the readings are most consistent with the strain gage after the cube reaches
300 micro strain (load step 10). This is likely due to the decreased spatial resolution of the photos
caused by the increase in camera distance. On the other hand, the DIC stress-strain curve for the
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cylinder (Figure 4.10b) closely matches the strain gage from the beginning of the test until 4.5 ksi,
or 3000 micro strain (load step 40), when, similar to Test 1, the cylinder experienced splitting
cracks on the surface. The strain gages on both sides of the cylinder broke at 4.5 ksi therefore,
the error calculation for cylinder 2 only includes values up to load step 40.
4.3.2.3

Tracking Performance and Strain Contours

Figure 4.11 and Figure 4.12 show the location of the most accurate DIC region for the cube and
cylinder as well as the tracking performance and strain contour at the final load step.

(a)

(b)

(c)

Figure 4.11: Test 2 Cube Region Analysis for Final Image (a) Test Photo with Analysis
Region Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour

(a)

(b)

(c)

Figure 4.12: Test 2 Cube Region Analysis for Final Image (a) Test Photo with Analysis
Region Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour
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Lighting was adjusted to remove shadows present in the DIC photos for the cube in Test 1 which
resulted in photos that were much lighter for the cube in Test 2 (Figure 4.11a). However, the final
tracking performance for cube 2 was 86% (compared to 94% for cube 1). The strain contour in
Figure 4.11c shows higher strain values on the right side, indicating the loading may have been
slightly off-centered. Since the increased camera distance resulted in DIC values that were lower
than the strain gage, the higher strain values on the right side of the contour explain why the
region on the right side of the ROI was the most accurate when compared to the strain gage on
the right face of the cube.
The shadows in the photos at the top of cylinder 2 (Figure 4.12a) were unable to be eliminated
due to the extension of the loading plate past the top of the cylinder. Despite initial verification of
MODEM’s ability to track features between photos of the cylinder in an unloaded state, MODEM
had difficulty tracking the features in the ROI once the cylinder was subjected to a compressive
load. Less than half-way through the experiment, at load step 22, the tracking performance fell
below 50%. MODEM continued to lose features until ultimately reaching a tracking performance
of 29% at the final load step (Figure 4.12b). Finally, the strain contour for the cylinder at the final
load step (Figure 4.12c) shows strains concentrations near the bottom right of the cylinder.
Similar to Test 1, this explains why the DIC readings for the left region, which was away from the
strain concentrations, were most accurate when compared to the strain gage on the left of the
cylinder.
4.3.2.4

Summary of Test 2 Results

Increasing the camera distance from 4 feet to 8 feet away from the specimens increased the
percent error for the DIC strains for the cube but decreased the percent error for the DIC strains
for the cylinder when compared to traditional instrumentation. The DIC strains for the cube and
cylinder had a percent error of 11%, however the tracking performance for the cube was better
than the cylinder at 86% compared to 29%. Despite a significantly lower tracking performance for
the cylinder in Test 2 compared to Test 1, the DIC results were more accurate for the cylinder
with an increased camera distance. Perspective distortion is typically used to describe when flat
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surfaces appear curved in images when a camera is too close, however, it also describes why
curved surfaces appear flat when the camera is farther away. The results from Test 2 indicate an
increased camera distance increases errors due to spatial resolution but decreases errors caused
by perspective distortion by lowering the amount of perceived curvature in the photos of the
cylinder.
4.3.3

Test 3: Surface Treatment Results

Moving the camera back to its original position of 4 feet, Test 3 investigated the use of three
materials of varying strengths applied to the surface of the concrete prior to applying a white
speckle pattern over black paint. The materials were applied to the surface of the cube and
cylinder in four areas from left to right following the layout shown in Figure 3.9 in Section 3.3. The
material areas consisted of: (1) clay with zero strength, (2) cement with less strength than
concrete, (3) epoxy with higher strength than the concrete, and (4) another region of cement. The
cement region was the closest in material properties to the concrete and was therefore expected
to have the least impact on DIC strain readings. Results from Test 1 and Test 2 showed the most
accurate MODEM analysis regions were in the middle or on the edge of the specimens, so the
cement material was applied in the middle and on the right edge.
4.3.3.1

Accuracy of DIC Regions

The strain results for each MODEM analysis region at each load step shown in Figure 4.13 are
differentiated by marker color and shape depending on the material beneath the speckle pattern.
The yellow circles indicate the analysis regions over the clay material, the black x’s represent
analysis regions over the cement material, and blue squares show analysis regions over the
epoxy material. The most accurate DIC region is the blue solid line, the post-processed DIC
results are in red asterisks, and the strain gage is shown in the black solid line.
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Figure 4.13: Test 3 Compressive yy Strain vs Load Step for (a) Cube and (b) Cylinder
The most accurate region for the cube (Figure 4.13a) was the long region in the middle, Y4L, over
the cement material, with a percent error of 20% when compared to the strain gage. The regions
over the clay material for the cube measured the lowest strains compared to the strain gage,
followed by the regions over the epoxy and then cement materials. The most accurate region for
the cylinder (Figure 4.13b) was the long region on the right, Y7L, over the cement material, with a
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37% error after post processing. Similar to the cube, the regions over the clay material for the
cylinder measured the lowest strains, followed by regions over the epoxy and then cement
materials. Many of the DIC regions for the cube and cylinder measured higher values than the
strain gage before load step 15 and lower values than the strain gage after load step 15. This
indicates the various materials may have compressed on the surface of the concrete with initial
loading, then began to crumble or lose interaction with the concrete as the compressive load
increased.
4.3.3.2

Stress-Strain Curves

Figure 4.14 shows the stress-strain curves for the most accurate DIC region for the Test 3 cube
and cylinder.

Figure 4.14: Test 3 Stress vs Strain Curves for (a) Cube and (b) Cylinder

The stress-strain curve for the most accurate DIC region for the cube (Figure 4.14a) and cylinder
Figure 4.14b) follow the same general shape of the curve for the strain gage. Figure 4.14 shows
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the DIC values over-estimate the strains, until approximately 500 micro strain, and then underestimate the strains for the remaining load steps. However, the DIC values for the cube are
slightly more accurate overall than the readings for the cylinder.
4.3.3.3

Tracking Performance and Strain Contours

Figure 4.15 and Figure 4.16 show the location of the most accurate DIC region for the cube and
cylinder as well as the tracking performance and strain contour at the final load step.

(a)

(b)

(c)

Figure 4.15: Test 3 Cube Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour

(a)

(b)

(c)

Figure 4.16: Test 3 Cylinder Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour
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The tracking performance for the cube (Figure 4.15a) shows the DIC program had difficulty
tracking features located in the clay (left) and epoxy (mid-right) areas. Nevertheless, the final
tracking performance for the cube was 90%. The strain contour (Figure 4.15c) shows
concentrations of high and low strain values at the top and bottom of the cube, and relatively
even strains from left to right. This explains why the middle region, over the cement material, was
the most accurate when compared to the average of the two strain gages.
The final tracking performance for the cylinder was 87%. Figure 4.16b shows the cylinder had
similar tracking performance to the cube and primarily lost features near the top and middle of the
ROI where the clay and epoxy materials were located. The final strain contour for the cylinder
(Figure 4.16c) shows primarily larger strain near the top right side of the cylinder. Since the DIC
regions generally underestimated the strain gage values, the higher strains on the right side of
the contour explain why the region on the right, over the cement material, was the most accurate
when compared to the strain gage on the right of the cylinder.
4.3.3.4

Summary of Test 3 Results

As expected, the DIC strains in the cement areas had the best correlation to the strain gage
readings, however resulted in an error of 20% for the cube and 37% for the cylinder. This shows
materials applied to the surface of concrete with different properties than the concrete will
negatively affect the accuracy of the DIC measurements. Additionally, MODEM had difficulty
tracking features in areas containing clay or epoxy, though the final tracking performance for the
entire ROI was 90% for the cube and 87% for the cylinder.
4.3.4

Test 4: Speckle Color Results

Test 4 maintained a 4-foot camera distance and reverted to no surface treatment, but now
considered a black speckle pattern over whitewashed concrete. For this test, a speckle pattern
density was used that gave the best performance based on preliminary “mock” tests previously
discussed in section 4.1.
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4.3.4.1

Accuracy of DIC Regions

Figure 4.17 shows the strain at each load step for the cube and cylinder for Test 4 using a black
speckle pattern over whitewashed concrete.

Figure 4.17: Test 4 Compressive yy Strain vs Load Step for (a) Cube and (b) Cylinder
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The results for all but one DIC region for the cube (Figure 4.17a) were significantly lower than the
recorded strain gage values. This is because the machine capping on the cube specimen for Test
4 was not level, which resulted in uneven loading and significantly higher strain in the right side of
the cube. Consequently, the long region on the right, Y7L, was the most accurate with a 10%
error when compared to the strain gage on the right side.
The most accurate region for the cylinder (Figure 4.17b) was also the long region on the right,
Y7L, with a 15% error compared to the strain gage. At load step 45, a majority of the DIC regions
for the cylinder indicate a drop off in strain values. This may indicate concrete crushing that was
beginning to occur or micro splitting cracks that were not captured by the strain gage.
4.3.4.2

Stress-Strain Curves

Figure 4.18 shows the stress-strain curves for the most accurate DIC region for the Test 4 cube
and cylinder.

Figure 4.18: Test 4 Stress vs Strain Curves for (a) Cube and (b) Cylinder
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As expected, the curves for both the cube and cylinder are consistent between the DIC and strain
gage readings. The DIC readings for the cylinder (Figure 4.18b) are less accurate before 1 ksi, or
100 micro strain (load step 10).
4.3.4.3

Tracking Performance and Strain Contours

Figure 4.19 and Figure 4.20 show the location of the most accurate DIC region for the cube and
cylinder as well as the tracking performance and strain contour at the final load step.

(a)

(b)

(c)

Figure 4.19: Test 4 Cube Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour

(a)

(b)

(c)

Figure 4.20: Test 4 Cylinder Region Analysis for Final Image (a) Test Photo with Analysis Region
Location (b) MODEM Tracking Performance (c) MODEM yy Strain Contour
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The final tracking performance was 100% for the cube (Figure 4.19b) and 99% for the cylinder
(Figure 4.20b), which indicates MODEM is less likely to lose features when a black over
whitewash speckle pattern is used. That being said, the total number of features identified in the
ROI was less for the cube and cylinder for Test 4 than in previous tests using approximately the
same sized ROI with a white speckle over black paint. The final strain contour for the cube
(Figure 4.19c) shows strain increased from left to right and, because the DIC regions
underestimated strains measured by the strain gages, confirms why the DIC region on the right
was the most accurate when compared to the strain gage on the right.
The final strain contour for the cylinder (Figure 4.20c) shows a large area in the middle of the
cylinder with zero strain that initially developed at load step 45 on the left of the cylinder and
increased in size until reaching the end of the experiment. Although it is unclear why the DIC
system measured zero strain in this area, the development and spread of the zero-strain area
explains why many of the DIC regions dropped in strain value towards the end of the test despite
continued increase in strain measured by the strain gages. The contour shows the right side of
the cylinder was not affected by this area of zero strain and verifies why the DIC region on the
right was the most accurate compared to the strain gage on the right.
4.3.4.4

Summary of Test 4 Results

Using a black speckle pattern resulted in a 10% percent error for the cube compared to a 3%
error from the baseline test with a white speckle pattern over black paint. The results for the
cylinder improved slightly from the baseline test, decreasing from 17% error to 15% error. The
tracking performance was exceptional for both specimens with 100% and 99% final tracking for
the cube and cylinder, respectively.
4.4

Summary and Conclusions of Phase 2 Results

Four sets of concrete compression tests described in Chapters 3 and 4 investigated the accuracy
of MODEM strain measurements with respect to: (i) surface curvature, (ii) camera proximity, (iii)
surface treatment, and (iv) speckle color. To fully understand the effect of each parameter on the
reported strains, averaged values for various analysis regions on the surface of the specimens
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were compared to traditional instrumentation in terms of strains at each load step and stressstrain curves. Results were further analyzed using the final tracking performance as well as the
full-field strain contours produced by MODEM. Table 4.3 summarizes the average percent error
between the most accurate DIC region and traditional instrumentation at each load step and the
final tracking performance for the full field ROI for the cubes and cylinders.
Table 4.3: Phase 2 Results Summary

Overall, the cubes performed better than the cylinders in terms of percent error and final tracking
performance. The baseline test with a 4-foot camera distance, no material on the surface of the
concrete, and a white speckle over black painted concrete produced the most accurate DIC
results with a 3% error for the cube. The following summarizes the observations and conclusions
from the results presented in this chapter:
•

Camera Proximity
An increased camera proximity may reduce errors due to out-of-pane motion and
perspective distortion from curved surfaces but will introduce different errors due to a
smaller FOV and a decrease in image resolution. Since no out-of-plane motion was
expected for the specimens tested in Phase 2, an 8-foot camera distance increased the
error in DIC measurements for the planar surface of the cube but reduced error in DIC
measurements for the curved surface of the cylinders by reducing the perspective
distortion. A larger SOD will reduce the tracking performance of MODEM regardless of
surface curvature.

•

Surface Treatment
The cement material was closest in material properties to the concrete and thus had the
least impact on the accuracy of the DIC measurements, but overall, the presence of
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material on the surface of the concrete drastically reduced the accuracy of the DIC
measurements for the cube and cylinder. This is in part due to the fact that the post
processing techniques are not as effective in cleaning the DIC results because the
technique relies on the material properties of concrete and not the properties of the
materials that were applied to the surface.
•

Speckle Color
The white over black speckle pattern resulted in more accurate DIC measurements for
the cube by providing photos with higher contrast which allowed MODEM to identify more
features on the surface of the specimens. The DIC measurements for the curved surface
improved slightly with a black over whitewash speckle pattern, but this improvement was
not significant enough to be attributed to the speckle pattern itself and is instead likely
due to slight variations in the test environment.

•

Analysis Region
When comparing to traditional instrumentation, DIC analysis regions should be selected
in a location as close to or that is expected to have as similar strains to traditional
instrumentation as possible when considering the geometry and loading of the specimen.
Avoid selecting areas for comparison that have high strain concentrations or irregular
strain gradients.

•

Tracking Performance
Visual assessment of DIC photos can indicate how well MODEM will track features. The
darker the photos, including areas with shadows or large amounts of black paint, will lead
to an overall decrease in tracking performance. Results indicate tracking performance
does not have a large influence on the accuracy of local DIC readings. That being said,
imperfect loading and lighting played significant roles in the accuracy of the MODEM
results and ideal test conditions may have provided more insight into the effect of tracking
performance on the accuracy of DIC measurements.
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5

PHASE 3 OVERVIEW AND DIC ANALYSIS

Concrete prisms in tension were tested at the University of Auckland, New Zealand as part of
doctoral research investigating the performance of concrete wall boundary elements under
various reinforcement ratios and loading types. The research is included in a conference paper
[3] for the 17th World Conference on Earthquake Engineering scheduled for September 2021.
Photos of a prism test, along with instrumentation readings were sent to be analyzed using the
DIC method investigated in this study. The aim of the DIC analysis was to determine the accuracy
of MODEM strain measurements for concrete loaded in tension and to examine MODEM’s ability
to detect the onset and propagation of concrete cracking.
5.1

Phase 3 Experimental Test Program

A total of 15 reinforced concrete (RC) prisms were tested under various loading conditions to
study the effects of loading rate and loading history on the strength and deformation capacities of
RC walls. The prisms were designed to capture the cracking mechanisms and ductility of RC wall
end zones. Figure 5.1 shows the idealized behavior of RC wall end zones using an axially loaded
prism.

Note: Dimensions shown are in mm
Figure 5.1: Idealized Behavior of RC Wall Boundary Element [3]
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5.1.1

Prism Specimen

The prism specimen used for the DIC analysis in this thesis was named “PL-M-S” and had a
width of 150 mm, length of 365 mm, and height of 1600 mm that included 300 mm of clamping
length on both ends and 1000 mm clear length for DIC measurements. Figure 5.2 shows the
dimensions of the prism rotated 90 degrees.

Figure 5.2: Prism PL Dimensions: (a) Elevation; (b) Cross Section [3]
The prism was reinforced with four D10 bars for a reinforcement ratio (!) of 0.46%. Laboratory
testing was used to determine the material strengths for the concrete and rebar. Table 5.1 lists
the material properties found for the reinforcing steel and the concrete including steel yield (fy)
and ultimate (fu) strength and concrete compressive (f’c) and tensile (fct) strength
Table 5.1: Prism PL Material Properties [3]
Reinforcing Steel
fy (MPa)
fu (MPa)
311.5
426.2

Concrete
f’c (MPa)
fct (MPa)
30.5
2.66
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5.1.2

Test Setup and Loading Protocol

The prism was rotated 90 degrees and loaded horizontally for simplicity. The prism was clamped
on both ends by steel plates that were connected to an end support on one side and a loading
beam on the other that constrained the prism to uniaxial loading by the load actuator. The entire
system was mounted to a strong floor as shown in Figure 5.3.

Figure 5.3: Phase 3 Test Setup [3]
The test setup for DIC purposes included a Nikon DSLR camera mounted on a tripod placed in
front of and perpendicular to the prism. A panel of LED lights was placed behind the camera to
provide proper illumination of the speckle pattern. The loading protocol was force-controlled until
rebar yield, at which point the loading switched to displacement-controlled until the experiment
stopped at first rebar fracture. A total of 15 photos were taken during the experiment (at each load
step) using the camera settings shown in Table 5.2.
Table 5.2: Camera Settings for Phase 3 Prism
Camera Setting
Camera Type
Resolution
Lens Length
Image Format
Image Color
Shutter Speed
Zoom
F-Stop

Phase 3 Prism Test
Nikon D5600
24 MP
18-55 mm
JPEG
Monochrome
1/100th sec
20 mm
F/5.6
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5.1.3

Instrumentation

A total of 28 linear potentiometers (LPs), measuring displacements that were later converted to
strain, were used for comparison to the DIC measurements obtained with MODEM. The LPs were
installed in two lines of 7 across the top and bottom of the prism in the configuration shown in
Figure 5.4.

Figure 5.4: Layout of LP's on Top and Bottom of Prism [3]
The speckle pattern used for DIC analysis was applied using black spray paint that was sprayed
on the surface of the concrete through a wire mesh screen. Figure 5.5 shows the reference photo
of the prism specimen used for DIC analysis with the black speckle pattern on the surface.

Figure 5.5: Phase 3 Prism Refence Photo and Speckle Pattern for DIC Analysis [3]
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5.2

Phase 3 DIC Analysis and Results

This section examines the results of the MODEM strain measurements calculated with 2D DIC
analysis for the concrete prism subjected to tensile loading. Due to the loading protocol and
increased scale of the prism test, the results will focus on the accuracy of MODEM strain
measurements considering various aspect ratios of analysis regions and how the accuracy of the
results is affected as imposed displacement increases.
5.2.1

MODEM Analysis Regions

Similar to Phase 2, multiple regions on the front face of the prism were analyzed in MODEM and
the average strain was calculated within a region. A total of 10 regions were selected for
calculating strains in the x direction; three long regions with length-to-width aspect ratios
approximately 20:1; and seven wide regions with aspect ratios approximately 1:3. Figure 5.6
shows the layout of the regions with naming convention “L” or “W” for long or wide, and numbered
from top to bottom or left to right (region numbers are shown in red). For all regions, the grid
spacing was increased from 60 pixels used in Phase 2 to 100 pixels due to the decreased density
of the speckle pattern show in Figure 5.5.
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Figure 5.6: Phase 3 Layout of MODEM Analysis Regions

5.2.2

Accuracy of DIC Measurements

Strains for all regions were compared to the average LP readings across the top and bottom of
the prism. Figure 5.7 shows the strains at each load step for the traditional instrumentation in
black, the long MODEM regions in blue circles, the wide MODEM regions in green x’s, the most
accurate region in the blue line, and the post-processed DIC results in the red asterisks.
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Figure 5.7: Strain vs. Load Step for Phase 3 Prism Specimen

The most accurate region was the long region in the middle of the prism, L2, with an average
16% error when compared to the LP strain values at each load step. Post processing these
results to remove errors in the DIC measurements gives in the red asterisks with an average 6%
error. The majority of the error in the results are in the last two load steps as the prism
approaches first bar fracture. At this point a majority of the LP gages begin to give inconsistent
readings; shown in Figure 5.7 by the close to zero slope of the black line between load steps 12
and 13 followed by the abrupt jump in values between load steps 13 and 14. Figure 5.8 shows
test photos of the prism specimen at load steps Fy (4), -30mm (12), -40mm (13), and 1st bar
fracture (14).
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Figure 5.8: Test Photos of Prism Specimen at Various Load Steps [3]
The test photos show significant cracks between load steps 12 and 14. Unfortunately, several of
the LP gages were imbedded into the concrete at the same location cracks occurred; which
accounts for the inconsistencies seen in the LP strain readings shown previously in Figure 5.7. A
benefit to DIC measurements is the “gage” (i.e. the speckle pattern) is not susceptible to
influences from external loading. Given the surface containing the speckle pattern does not fall off
and the DIC program maintains adequate tracking performance, DIC readings will have the same
level of reliability throughout an experiment. Therefore, removing the last two points from the
percent error calculation results in an error of 4% for the MODEM DIC strains when compared to
traditional instrumentation.
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5.2.3

Comparison of Region Aspect Ratios

Further analysis compared the percent error for each of the regions (Table 5.3) to make
conclusions about the accuracy of DIC measurements given different aspect ratios. Table 5.3
shows the percent error for the raw DIC results as a way to provide a relative comparison
between region accuracy.
Table 5.3: Percent Error for Analysis Regions with Different Aspect Ratios
Analysis Region
L1
L2
L3
W1
W2
W3
W4
W5
W6
W7
Avg. W1-W7

Aspect Ratio
(length: width)
20:1
20:1
20:1
1:3
1:3
1:3
1:3
1:3
1:3
1:3
3:1

Error
31%
16%
23%
37%
91%
62%
43%
46%
38%
45%
28%

The long regions with an aspect ratio 20:1 had a lower percent error overall compared to the wide
regions with aspect ratios 1:3. The averaged strains in the wide regions were compared to the
average of a single LP on the top and bottom of the prism that were in line with the region, while
the averaged strains in the long regions were compared to the average of 7 LPs across the top
and bottom. Due to the variability in LP readings based on their potential insertion location where
a crack occurred, the strains for all wide regions were also averaged (which increased the aspect
ratio to 3:1) and compared to the average of 7 LPs. The percent error for the average strains in
W1-W7 still results in a 28% error compared to 16% error for the most accurate long region.
5.3

Crack Mapping Investigation

This section investigates MODEM’s ability to detect the onset and propagation of concrete
cracking by using MODEM’s strain contours and tracking performance. Because this investigation
is based on qualitative results, the grid spacing was reduced to 20 pixels following the findings
from Mamand & Chen [16]. The images in Figure 5.9 represent the original image of the prism
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and the corresponding full-field strain contours at three load steps; load step 4 at rebar yield, load
step 9 at -12mm of displacement, and load step 14 at 1st bar fracture.

Figure 5.9: Prism Strain Contours at Maximum Strain Scale for Load Steps 4, 9, and 14

The scale for these contours is based on the maximum strain over the duration of the experiment;
approximately 30,000 micro strain. By load step 9 it appears the strain contours capture all the
locations where cracks occur with various levels of intensity between load step 9 and load step 14
based on the overall width of the crack. The large crack in the center is clearly identified, but the
cracks on either end of the clamping regions are not well defined by the contours. Though
cracking is expected at rebar yield, at load step 4, the contours at this load step do not show any
locations of concentrated strain. To further investigate the onset of cracking, Figure 5.10 shows
the original prism image and strain contours for load steps 2, 3, and 4 using the maximum strain
at yield; approximately 5,000 micro strain.
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Figure 5.10: Prism Strain Contours at Yield Strain Scale for Load Steps 2, 3, and 4
By adjusting the scale of the contour to the maximum strain at yield, the contours at all three load
steps leading up to yield show the location of the large cracks that develop later in the test.
Cracks could be visually identified with close inspection (400% zoom) of the original images at
load steps 2-4. This was consistent with commentary from researchers who conducted the
experiment indicating that micro cracks were present on the surface of the concrete at the
locations shown in the strain contours from the beginning of the test at load step 1. Thus, this DIC
investigation is unable to prove if MODEM could detect the location of concrete cracking before it
occurs; however, it is clear the contours are able to define the number and location of existing
cracks given an appropriate scale. Unfortunately, there is not much detail about the cracks
reflected in the contours with respect to centerline and orientation. One way to better characterize
the cracks was to use the performance of MODEM’s tracking features. Figure 5.11 shows the
original image of the prism at various load steps with the tracking performance of the DIC
features.
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Figure 5.11: Prism Tracking Performance for Load Steps 5, 9, 12, and 14
At load step 5, the loss of features (in blue) begin to identify the centerline and orientation of the
center and left crack on the prism. The lost features continue to accurately map the formation of
cracks from load step 5 to load step 14, at which point too many features are lost, and it becomes
difficult to distinguish between what is concrete cracking and what is simply a tracking error.
Unlike the strain contours in Figure 5.9, the lost features for load step 12 better define the crack
near the clamping regions of the prism, as well as the branching characteristics at the bottom of
the main crack in the center of the prism.
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5.4

Phase 3 Conclusions

Concrete prisms representing the boundary elements of RC walls were tested at the University of
Auckland, New Zealand. Photos from a single test were analyzed using the DIC method studied
in this thesis to assess the accuracy of MODEM strain measurements for concrete loaded in
tension. A deeper investigation into the usefulness of MODEM’s strain contours and tracking
performance was conducted. The following summarizes the observations and conclusions of
Phase 3:
•

MODEM 2D strain measurements have a 6% error compared to traditional
instrumentation for concrete tested in tension and loaded until rebar fracture; the strain
measurements have a 4% error when the imposed displacement is less than 30mm.

•

The averaged MODEM strain in analysis regions with large length-to-width aspect ratios
parallel to the direction of analysis/loading are more accurate compared to traditional
instrumentation than the averaged strain in regions with small aspect ratios. The prism
specimen was oriented such that regions with large aspect ratios in the x-direction were
also parallel to the direction of loading.

•

MODEM’s strain contours can be used for initial detection and location of concrete
cracking given a scale based on the maximum strain when cracks occur. Micro cracks
were identified at the first load step when the contour scale was set to the maximum
strain at yield.

•

After initial detection of cracks using strain contours, MODEM’s tracking performance can
be used to determine the centerline and orientation of cracks.
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6

SUMMARY, CONCLUSIONS, AND FUTURE WORK

Three testing phases were completed to determine the accuracy of strain measurements using
an open-source digital image correlation software, MODEM, for 2D analysis utilizing a single
camera. This chapter provides a summary of the three testing phases in terms of the parameters
investigated and their results, observations about the overall accuracy and limitations of MODEM,
and general and technical recommendations when using the software to test concrete in
compression and tension.
6.1
6.1.1

Summary of Research
Research Approach and Objectives

The research for this thesis was conducted in three phases. First, aluminum coupons were tested
in pure tension with assistance by a partnering researcher for the purposes of establishing
guidelines and best practices when using MODEM [2]. The second stage tested concrete cubes
and cylinders in pure compression. The results from Phase 2 were used to compare the
difference in MODEM strain results when changing the parameters of: (i) surface curvature, (ii)
camera distance, (iii) surface treatment, and (iv) speckle color. The final phase utilized MODEM
to analyze photos from a tension test of a concrete prism completed at the University of
Auckland, New Zealand [3]. The results from this phase were used to verify the accuracy of
MODEM strain measurements and assess MODEM’s potential to accurately detect and
characterize the spread of concrete cracking.
6.1.2

Summary of Experimental Results

Previous tests on metals in tension and concrete in compression/tension using similar parameters
were used to establish a desired accuracy of MODEM strains within 5% of traditional
instrumentation for metals in tension and 6% for concrete in compression/tension. Table 6.1
provides a summary of all test phases for the most accurate analysis regions (highlighted in gray)
compared to several of the research results previously presented in Chapter 2 in Table 2.1.
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Table 6.1: Summary of MODEM Error Compared to Previous DIC Experiments
Author
Sutton et al. [4]
Hoult et al. [23]
Belloni et al. [25]
Schwartz [2]
Lingga et al. [17]
Buck
Xiang et al. [18]
Buck
Wang et al. [3]

Year
2009
2013
2019
2020
2019
2020
2019
2020
2020

Specimen
Metal polymer
Steel coupons
Glass polymer
Aluminum coupons
Concrete cylinders
Concrete cylinders
Concrete prisms
Concrete cubes
Concrete prisms

Loading
Tension
Tension
Tension
Tension
Compression
Compression
Compression
Compression
Tension

Software
VIC-2D
GeoPIV
py2DIC
MODEM 2D
VIC-3D
MODEM 2D
Proprietary
MODEM 2D
MODEM 2D

Error
5%
5%
5%
5%
5%
11%
14%
3%
6%

The results show MODEM strain measurements are within 5% of traditional instrumentation for
metal specimens loaded in tension and within 6% for concrete specimens loaded in
compression/tension when the surface of the specimen is planar. Compression tests on concrete
cylinders resulted in an 11% accuracy between DIC and traditional instrumentation
measurements.
6.2
6.2.1

Conclusions
MODEM Accuracy and Limitations

In Phase 1 MODEM results were most accurate when using constant illumination, an evenly
distributed speckle pattern, no camera movement, and an appropriate capture rate [2]. In Phase 2
MODEM results were most accurate when using the parameters of: (i) planar specimen surface,
(ii) 4-foot camera distance, (iii) no material applied to the surface of the concrete, and (iv) a white
speckle pattern over black painted concrete. The results in Phase 3 were most accurate when the
MODEM analysis region had a large length-to-width aspect ratio parallel to the direction of
analysis/loading.
When testing concrete in compression, the accuracy of 2D DIC measurements is limited to strain
measurements between 100 and 2000 micro strain. The lower limit is based on a 24MP
resolution of the imaging system and that below 100 micro strain DIC measurements will have a
significant amount of noise. The upper limit is based on a maximum of 3000 micro strain before
typical concrete crushing. As the concrete passes 2000 micro strain and approaches the crushing
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limit state, splitting cracks are likely to occur that will affect the accuracy of the DIC
measurements. For concrete tested in tension, the accuracy of MODEM strain measurements is
limited to less than 30mm of imposed displacement, or approximately 3000 micro strain. The
accuracy of DIC measurements will decrease as a specimen experiences significant damage,
leading to loss of speckle pattern from concrete spalling or substantial cracking.
6.2.2

General and Technical Recommendations

The following include general recommendations for running a DIC analysis and processing DIC
photos in MODEM based on the results of all testing phases:
•

The surface of the concrete should be sanded to smooth imperfections prior to applying a
speckle pattern.

•

MODEM analysis regions should have a long aspect ratio for better averaging and be
oriented perpendicular to expected cracking, or parallel to applied loading.

•

When testing concrete in tension, strain contours can be used for initial detection and
location of cracks, after which, the tracking performance can be used to determine the
centerline and orientation of cracks.

•

Grid spacing should be adjusted as necessary depending on analysis. A grid spacing of
60 pixels (61-pixel subset spacing) should be used for accurate DIC measurements with
a dense speckle pattern and a spacing of 100 pixels (101-pixel subset spacing) should be
used for accurate DIC measurements with a sparse speckle pattern. A reduced spacing
of 20 pixels should be used for qualitative analysis of crack detection and
characterization.

The specific technical recommendations based on the investigated DIC parameters in Phase 2
include:
•

2D DIC analysis using a single camera should only be used on nominally planar
surfaces. Curved surfaces can be measured, and the data can be cleaned; however, the
error from the curvature of the surface will increase any initial errors by 5-10%.

76

•

When out-of-plane displacement is expected to be low and the specimen surface is
planar, the camera should be placed as close to the specimen as possible while using an
appropriate amount of zoom to maximize the specimen surface in the FOV.

•

If material needs to be applied to the surface of concrete to fill cracks for the purposes of
retrofitting or repairing damage, a material should be used that has the same material
properties as the specimen. Additionally, the applied material should be allowed sufficient
time to cure (i.e. adhere to the surface of the specimen) before applying a speckle pattern
and testing.

•

A white speckle over black paint will provide the most accurate DIC results, however a
black speckle may be used provided the background color is not too bright. This was
seen in the results from Phase 3, with 6% error, where a black speckle was applied to the
gray surface of the concrete, opposed to the 10% error in Phase 2 where a black speckle
was applied to whitewashed concrete.

•

A known Poisson’s ratio for the material can be used to remove errors in the DIC data if
necessary, in addition to averaging and trend-fitting the data to remove noise in DIC
measurement values.

6.3

Future Work

Future research needs are addressed for experimental testing and continued training and support
for utilizing MODEM to obtain accurate DIC measurements.
6.3.1
•

Experimental Testing
Several of the tests in Phase 2 had imperfect loading or lighting that influenced the
accuracy of the MODEM strain readings. Repeating these tests with improved conditions
would provide more insight into the effect of tracking performance on the accuracy of
MODEM strain measurements.

•

Future investigations into the accuracy of MODEM analysis regions with varying aspect
ratios is needed for specimens with different orientations and loading directions.
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•

The experiments in this research focused on utilizing MODEM for strain measurements.
A test program studying the accuracy of MODEM displacement measurements is
needed. Investigations into calibrating images using a checkered calibration board, as
well as how to process the calibration images in MATLAB would be necessary.

•

There are issues when trying to identify a surface in MODEM using smaller calibration
targets and additional work is necessary to resolve this issue.

•

The tests for this thesis used a single camera for obtaining 2D DIC measurements.
Evaluation of how to set up and run an experiment for 3D DIC measurements would be
necessary to measure displacement and strain on non-planar surfaces. A test setup
using multiple cameras would require additional steps/software to synchronize image
capture between cameras and traditional instrumentation.

•

Primarily small-scale aluminum and concrete specimens were tested in this study. The
accuracy of MODEM needs to be tested for structural steel and timber specimens in
addition to large-scale tests of specimens ranging in material type.

6.3.2

Continued Training and Support

Many of the lessons learned in this research cannot be fully explained in written form. Training
videos on speckle pattern application and photography as well as walk through MODEM tutorials
would benefit future researchers attempting to utilize full-field DIC measurements. This continued
training on obtaining accurate DIC measurements, as well as technical support when using
MODEM, is necessary to ensure continued use and development of the software.
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APPENDIX A. PHASE 2 SPECIMEN PREPARATION PROCEDURE FOR CONCRETE CUBES
AND CYLINDERS
Appendix A describes the steps for preparing the concrete cube and cylinder specimens for
Phase 2 testing. A detailed procedure for attaching traditional instrumentation, preparing for
machine loading, and DIC analysis is included. The procedure is completed sequentially from
step 1 to step 23.
A.1

Gage Preparation: Extensometer

1. Drill (2) holes 2 inches apart (vertically) and 2 inches deep in the back side (middle and
center) of each cube and cylinder
2. Cut threaded rods approximately 4-5 inches long, bend end of rod 90 deg and approximately
1 inch long
3. Insert rods into specimen using epoxy with bent ends both facing down. Make sure rods are
in line and at exactly the same height. Allow to dry for 24 hours
A.2

Gage Preparation: Strain Gages

Apply a total of (4) strain gages to concrete cubes and (2) strain gages to concrete cylinders in
the configuration shown in Figure A.1 below.

CL

Apply gage slightly
lower than center in
order to make room
for top gage. (Gage
on cylinder can still
be in center/middle)
side face of specimens

Gages applied
on both sides of
specimen

Figure A.1: Location of Strain Gages on Concrete Specimens
4. Tape the front face of the specimens (to protect where the speckle pattern will be applied)
and the back face on either side of where the gages will be applied in the locations shown in
dark grey in the above figures
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5. Prepare surface of concrete (wire brushing, blow with compressed air, apply acid*, heat gun,
apply base*, heat gun).
6. Clean glass and tape a total of (6) gages to the glass, making sure the tape is about as long
as the specimens. Fold top and bottom of tape on itself to make taking it off the glass easier.
7. Remove taped strain gage from glass at a shallow angle and place on desired location on
specimen
8. Mix M-Bond* adhesive in a small container as instructed
9. Lift strain gages from top end off specimen at shallow angle to expose bottom gage surface
10. Apply adhesive to surface of concrete and back surface of strain gage
11. Tape strain gage back down onto specimen surface, gently wiping with gauze from the
bottom up
12. Use a rubber backing to apply pressure for several minutes
13. Cover taped gage with blue tape and repeat steps 2 through 8 for remaining gages
14. Once all gages have been applied, place specimens in a safe location, front face down, to
dry for 24 hours with the tape on
15. At this time, the lead wires can be prepped (stripped, twisted together, and neatly wrapped
around specimen rods so they are ready to be attached to the strain gages the following day)
making sure to cut the wires between 3-5 feet long
Notes:
Do not handle the specimens by the rods and do not to bump/move the specimen while it is
laying on a side with a freshly applied strain gage (the glue may still be wet, and the gage could
shift)
* Preparation conditioners and bonding agents from Vishay MicroMeasurements
A.3

Machine Preparation

16. After gages have dried for 24 hours, lift tape from bottom portion of gage to attach lead wires
and place tape back over gage after wires have been attached
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17. Apply painters’ tape over attaching point of lead wires and wrap wires around rods to keep
clean during machine capping process
18. Apply gypsum cement caps to top and bottom of specimens making sure caps are level
19. Allow to dry for 24 hours before testing
Tip: If caps fall off before specimen is tested, reattach caps using super glue
A.4

DIC Preparation

20. Remove tape from front of specimen (make sure gages/wires are still taped so they do not
get painted)
21. Apply a base layer of black spray paint (or whitewash) and allow to dry
22. Using a mesh screen or after several practice sprays without a screen, use white spray paint
(or black if using whitewash base) to apply an evenly distributed speckle pattern
23. Allow paint to fully dry before removing remaining tape and testing
Tip: Use a paper towel underneath the nozzle of the spray can to catch drips
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APPENDIX B. PHASE 2 COMPRESSION TEST CHECKLIST
This appendix provides a checklist of tasks required to run the compression tests discussion in
Chapters 3 and 4. The tasks should be completed in order from top to bottom and include items
related to test setup, calibration, experimental procedure, and immediate post-processing.
B.1

Test Setup
£
£
£
£
£
£
£
£
£
£
£

B.2

Measure the dimensions of the specimen
Place specimen in testing machine
Connect instrumentation to data acquisition (DAQ) box
Place plywood screen around testing machine
Set up tables, laptops, extension cords and DIC Camera
Measure camera placement in relation to specimen (x, y, z) to corroborate calibration
results and record readings in excel file
Close lab doors
Set up lighting and adjust camera settings: white balance, F stop, ISO, auto features off,
and record settings in excel file
Take series of photos to test tether software and verify there is no external movement
between images, reset tether photo counter
Set up Windows computer webcam
Set up Windows DAQ program and initialize bias (take out extensometer pin before bias
is run)

Prior To Experiment
£
£
£
£
£

B.3

Checking lighting on webcam
Record maximum load/increment and image capture time interval
Take photo of test set up with doors closed
Ensure webcam can see load dial
Process images of unloaded specimen in MODEM to verify tracking performance

Experimental Procedure
£
£
£
£
£
£

B.4

Set compression test head (red light turns off)
Start phone stopwatch and Laptop 1 webcam
Lap stopwatch and start Laptop 1 (DAQ)
Stop stopwatch and start Camera interval shooting
After first image has been taken, start test machine
After interval shooting has finished, stop test machine, video recording, DAQ readings

Post-Experiment
£
£
£
£
£
£

Transfer images from SD card to computer
Convert images to JPEG and save
Upload images from Mac computer to flash drive
Save webcam recording and .txt file from Windows computer
Upload images from flash drive to Windows computer
Upload images to MODEM
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APPENDIX C. DATA ACQUISITION INSTRUCTION MANUAL
This appendix describes how to set-up and use the data acquisition system developed by Dr.
Peter Laursen for use in gathering data from structural testing in the Cal Poly ARCE department.
A list of required equipment, set-up procedure, instrumentation calibration, and data collection
procedures are detailed below.
C.1

Required Equipment

•

Windows computer with MATLAB, power source and mouse

•

Data Acquisition (DAQ) Box

•

Program Interface to allow for different channels (instrumentation)

•

Measurement Instrumentation (strain gage, extensometer, displacement transducer, string
pot, etc.)

C.2

Setup Procedure

1. Turn on computer and open MATLAB
2. Plug DAQ Box into computer
3. Plug desired measurement instrumentation into appropriate location in DAQ Box using flat
head (see figure below)

Figure C.1: Data Acquisition (DAQ) Box
•

White Cells: for reading strain gages, no calibration is needed, bridge factor equal to
120
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•

Blue Cells: full bridge load cells for reading extensometer, need to use a converter
chord, need calibration, bridge factor equal to 350, wires plugged in sequence
shown:

•

o

Red = terminal #6

o

Black = terminal #7

o

White = terminal #2

o

Green = terminal #3

Black Cells: for reading voltage, can be used to read displacement transducers or
string pots for example

4. Open and run MATLAB data acquisition program to open user interface and begin
calibration/data acquisition: data_acquisition_static_GUI.m
C.3

Data Collection Procedure

1. Verify a “1” is shown under the “Active” column for each gage the user wishes to obtain
readings from
•

Load Cells = Blue Cells; reference code = “L”

•

Strain = White Cells; reference code = “S”

•

Voltage = Black Cells; reference code = “V”

•

Time; reference code = “T”

2. Update bridge factor if necessary (120 for Strain, 350 for Load Cells)
3. Update calibration factors (GF = gage factor). Always equal to 1 for strain readings.
4. Update plots to show readings from desired instrumentation by changing the letters in the
“INST” column to the reference code plus the gage number. Default is to plot Time against
the first two active gages
5. On the left side of the window, initialize program by pressing the following buttons from top
down.
a. Load Calibration file to load previous calibrations: file name will be shown to the
right
i. OR Save Calibration to save any changes to calibration factors
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b. Initialize DAQ
b. Run Bias and Save Bias to establish a baseline for measurements (essentially
“zero” out readings) set number for time (in seconds) to run bias for, typically 10
seconds is good depending on fluctuation of instrument
i. OR Load Existing Bias
b. Check Lock box to prevent any accidental changes in parameters during test (box
will need to be unchecked to make changes after acquisition is stopped)
c.

Start Acquisition starts recording readings from instruments (start timer)

d. Save Data Saves text file of data readings with time (can save at any time without
having to stop acquisition)
e. Stop Acquisition (stops recording readings from instruments (stop timer), and will
automatically save data)
i. You can re-start, stop, and save data multiple times without restarting
program
f.

End Acquisition to reset gage readings and save data. To collect new readings,
start from 5b

C.4

Instrumentation Calibration Procedure

1. To perform calibration, set the gage factor equal to a large enough number to see readings
from the gage (If number is too large, readings will have more noise)
2. Initialize data collection by following steps 5a – 5c under Data Collection for initialing the
program
3. Plug desired instrument into DAQ box and place a specimen in Testing machine
4. Use additional, calibrated instrumentation (head displacement reading on machine, load
reading on machine, displacement dial gage) to measure desired reading (displacement,
strain, load, etc.)
5. Increment the testing machine (in the positive and negative range) and record readings from
DAQ and calibrated instrument in Excel
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6. Plot readings against each other, use linear curve fit in excel, slope of line is new calibration
factor
7. Adjust DAQ calibration factor accordingly and repeat steps 2-6 to verify results
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APPENDIX D. POST PROCESSING AND DATA CLEANING
As mentioned in Chapter 4, many of the DIC results were cleaned in post processing to remove
noise and errors associate with the data. A total of four methods were used and investigated for
their applicability to the testing completed in this research and to future tests. The methods used
throughout this paper include:
1. Averaging
2. Trend line
3. Traditional instrumentation calibration
4. Material property calibration
Method #1 was always included in the other three methods and Method #2 was used in
conjunction with Method #3 or 4 when it improved error results. Method #3 or 4 is selected
depending on whether traditional instrumentation is available to calibrate the DIC results. The
following sections further detail the methods behind each post-processing method.
D.1

Averaging

The technique of averaging was used in most DIC experiments found in literature and consists of
averaging many DIC readings within a region as opposed to selecting a single point or a limited
number of points to compare to traditional instrumentation. This method is incorporated when a
longer MODEM region is selected or is more accurate than a shorter MODEM region.
D.2

Trend Line

The trend line technique is most efficient when the specimens have a uniform loading rate and
material response. This technique employs a linear or polynomial line to best fit the averaged DIC
values over all load steps. Using a trend line “smooths” the data to remove noise but does not
necessarily remove errors in the measurements.
D.3

Traditional Instrumentation Calibration

The third post-processing technique uses the results from the traditional instrumentation to
correct for errors in the DIC measurements. The first step is to plot averaged DIC values against
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the traditional instrumentation readings. When the DIC and traditional instrumentation are exactly
equal, the slope (m) of the resulting line will equal one. In reality, the results will likely be above or
below this ideal relationship. Taking a linear fit of the DIC vs. traditional instrumentation values
will typically result in the lowest percent error compared to the other methods. Unfortunately, this
technique relies on readings from traditional instrumentation to calibrate the DIC values.
D.4

Material Property Calibration

One benefit to DIC measurements is not needing to rely on traditional instrumentation, therefore,
being able to calibrate, or check, the results is crucial to verifying proper test setup, camera
settings, and speckle pattern when traditional instrumentation is not available. This procedure
was developed by Hoult et al. [23] and uses the material property of Poisson’s ratio to correct for
errors in DIC readings. Poisson’s ratio is the ratio of strain in the x-direction to strain in the ydirection and is a measure of Poisson’s effect, which describes the phenomenon in which a
material tends expand or contract in the direction perpendicular to loading. Figure D.1 illustrates
Poisson’s effect for a specimen under compressive load.

Figure D.1: Illustration of Poisson's Effect
Poisson’s ratio is a known and constant value for many materials; for concrete the Poisson’s ratio
is equal to 0.20. The strain gages on the concrete cubes were first used to verify the assumed
value of 0.20. Then, the procedure outlined by Hoult et al. was used to determine the error in the
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measured DIC strain values. The theoretical value for Poisson’s ratio is set equal to Poisson’s
ratio determined using the DIC values minus the error in the measurements.
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Using 0.20 for the known value of Poisson’s ratio in Equation D.1 and solving for the strain error
results in Equation D.2 [23].
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This error can be calculated for each DIC point within an ROI using the measured strain in the xand y-direction. The error is then subtracted from the y-strain to theoretically give accurate DIC
results. However, because the measured DIC strains fluctuate and have random noise due to the
imaging system, directly subtracting the error from the measured strain at each load step initially
worsened results. A better approach was to find the average error over the entire duration of the
test and subtract the average error from the DIC strain as a percentage of the load step, as
shown in Equation D.3.
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Eq. D.3

Using this updated approach prevented strain values at the beginning of the test from being
overly large or small.
D.5

Example Post-Processing Results

Figure D.2 and Figure D.3 show an example of post-processed results for the cylinder specimen
in Test 4 of Phase 2 for Methods #2 and 3, respectively. For both figures, the strain gage or ideal
results are in black and the DIC results are in red. The equations for the trendlines used are
displayed on the figures as well as the corresponding R value indicating how well the trend line
fits the data; an R value of 1.0 would mean the trend line fts the data exactly.
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Figure D.2: Cylinder 4 Post-Processing Method #2 - Trendline

Figure D.3: Cylinder 4 Post-Processing Method #3 - Instrumentation Calibration
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Figure D.2 shows the poly line fits the data well for both the strain gage measurements and DIC
measurements. The initial error between averaged DIC measurements (utilizing Method #1) and
strain gage values was 74%. Using the trendline for Method #2 reduced the error to 29%. Figure
D.3 shows the DIC strain values plotted against the strain gage readings in the red dashed line.
Taking a linear fit of the results produces a line with a slope of 0.8765 which, when subtracted
from the ideal slope of one, corresponds to an error of 12%. Figure D.4 shows the raw DIC
results and the results after applying each post-processing method indicated by DIC 1-4.

Figure D.4: Comparison of All Post-Processing Methods for Cylinder 4
The results in Figure D.4 show DIC 4 had the best correlation to the strain gage for the second
half of the test while DIC 3 had the best correlation at the first half. The error for the material
calibration method is 15%, slightly higher than the instrumentation calibration method.
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D.6

Summary of Post-Processed Results

Table D.1 provides a summary of the resulting error using each method for the most accurate
region for each specimen tested in Phase 2.

Table D.1: Summary of Phase 2 Errors using Post-Processing Techniques

For most specimens, the trend line (Method #2) and traditional instrumentation (Method #3)
paired with a longer analysis region using averaging (Method #1) produced similar error results.
Overall, averaging (Method #1) combined with the material property calibration using Poisson’s
ratio (Method #4) was the most effective and is preferred over Method #3 because it does not
require results from traditional instrumentation.
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APPENDIX E. XX STRAIN RESULTS FROM PHASE 2 COMPRESSION TESTS ON
CONCRETE CUBES
Appendix E presents the xx strain results from Phase 2 compression tests for the cubes including
the layout of the analysis regions (Figure E.1), the results of each region over the duration of the
experiment (Figure E.2 and E.3), and a summary of results.

Figure E.1: Layout of MODEM xx Strain Analysis Regions for Phase 2
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Figure E.2: Compressive xx Strain vs Load Step for (a) Cube 1 and (b) Cube 2
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Figure E.3: Compressive xx Strain vs Load Step for (a) Cube 3 and (b) Cube 4

For all tests, the most accurate analysis region was region 1X at the top of the cube. This is
expected because region 1X was at the same height as the x-direction strain gages on either side
of the cubes. In general, the results show as the regions move from top to bottom, the DIC strains
get less accurate (either higher or lower) than the strain gage values. Table E.1 shows a
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summary of the MODEM error for the most accurate xx strain regions and most accurate yy strain
regions discussed in Chapter 4.
Table E.1: Summary of Phase 2 xx and yy Strain Results for
Cubes

The error for the xx strain regions is within 6% or less of the error for yy strain regions for all tests.
The increase in error for the xx strain compared to the yy strain in Test 1 is potentially due to the
significant number of tracking features that were lost at the top of the cube due to shadowing that
was shown in Figure 4.7 in Chapter 4. The decrease in error for the xx strain compared to the yy
strain in Test 3 is likely because no surface treatment material was applied at the top of the cube.
The percent error for Test 2 and Test 4 were similar between xx strain and yy strain. Overall, the
results for the xx strain regions show no significant difference in the performance of MODEM for
analysis in the x-direction compared to the y-direction.
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